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Abstract
The last decade’s growth in technology has brought a major development in
computational tools, hardware and software, in the field of earth sciences.
The work is the result of synergistic activity between the classical regional
geology and the analytical processing methods typical of the geostatistics
and geological. The main objective was to reconstruct, on the basis of avail-
able data, the Variscan top surface, preceding the pre-Alpine sedimentary
cycle (Upper Carboniferous - Permian) and the Alpine properly Mesozoic
and Tertiary, over an area covering the italian peninsula and the Adriatic
Sea. The integration of surface geology with the underground information
and the interpreted seismic reflection data has been the base of the compu-
tation, first on small scale using geostatistical tools and then on large scale
with the development of a detailed 3D geologic volume model detail in a
geothermal area of Tuscany. The geostatistical processing has produced a
series of maps on a national scale relating to the depth of the investigated
surface. Available crustal seismic profile were used to this aim, and the
first reconstruction was done in the time domain. Then, the velocity was
calibrated using subsurface information from deep well stratigraphy, and
the obtained model were used to obtain the surface depth values.
The 3D geological model constructed on the basis of subsurface data, wide-
spread in the Tuscan geothermal provinces, has instead highlighted the
volumes and geometric relationships between the various rocks taken into
account, and defined in detail the shape of the Variscan surface. The re-
sulting degree of confidence in the results is uneven, depending on the data
distribution of subsurface information from wells. However, this method
has been readily replicable, and produce easy and fast updated result when
new data were introduced. The obtained tools are powerful in supporting
activities to study and identify natural deep georesources.
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1Introduction
Understanding the processes that regulate the functioning of the Earth system in a
geological sense, is critical to the development of human activities, both in terms of
view resource exploitation, and from that of protection and prevention of natural events
that may interfere more or less heavily with human life. The knowledge of the struc-
ture of the Earth and its evolution over time is crucial to predict the future assets.
Since the understanding geological evolution of how an area evolves, like all scientific
disciplines, with analytical techniques incessant improving, also including reference to
the commonly used models are subject to change if new important data are product
that call into question previous interpretations. The project has the goal of achieving
a reconstruction of the top surface of the Variscan basement, or older, in the Italian
region.
Chapter 2 describes the used softwares, applied geostatistical methods while data
were retrieved, processed and integrated to achieve the project objective. Four software
were mainly used: two of them for data analysis in a GIS environment, one for a statis-
tical and geostatistics analysis and the last for the processing of the three-dimensional
geological models. The GIS software used were QuantumGIS and GRASS GIS, both
open source and fully integrated with each other, the first used to create the output
cartographic representations, while the latter to make some geospatial analysis. The
statistical software R, which also lends itself to a seamless integration with GRASS,
was used to perform spatial interpolation with the kriging method. Finally, the use of
the software 3DGeomodeller, allowed the development of a local geologic model in three
dimensions. The used interpolation procedures were mainly of two types, deterministic
1
and stochastic. The deterministic method was the Regularized Spline with Tension
(RST), developed with GRASS GIS, while the stochastic was kriging, calculated with
R. the TWT map and the velocity maps are combined with each other using the equa-
tion The used geological data are divided into surface data, geological maps found and
used and those underground, made available by National Geothermal Database of the
Institute of Geosciences and Earth Resources, CNR, Pisa. The geophysical data refer
to the gravimetric data provided by Ispra, Italy, some magnetic maps and mainly the
interpreted seismic profiles of the CROP Project, (87).
Chapter 3 describes the geological context in which the Italian area is, at first
putting it into the evolutionary framework that characterized the Italian peninsula
and in particular the Apennines orogen, then describing the main Variscan outcrops
present. The Sardinian-Corsian Variscan outcrops, the Peloritani Calabro massive, the
basement known in Tuscany in the Apuan area, in the southern Tuscany and finally
with the sequences of the Carnic Alps are describes. This chapter also shows a brief
summary of work on the issues addressed by various authors over relative time to the
stratigraphic and structural aspects of the Variscan or older basement in Italy. Finally,
it describes the geological map taken as the working basic and what considerations
were made while preparing the revised geological map functional to the purposes of
the project. The Geological Map of Italy at the scale 1:1,000,000 was reclassified
by considering the chrono-stratigraphic factors perceived in the original legend, then
groups of rock complexes were identified and defined and after a reclassification a
geological map where they were distinguished: the Cambro-Carboniferous basement in
the sensu stricto, the coverage of the underlying discordant stands in solidarity with it,
defined as integument (Permo-Triassic Carboniferous), finally in the Alps the Pennidic
complex, including the internal crystalline massifs, Alpine metamorphic complex with
original partial coverage and with their fictitious covers. Among vulcanitic complex
differed those of Variscan from those tertiary.
The methodological process applied to the data to attempt to reconstruct the top
surface of the Variscan basement is described in Chapter 4. Based on acquired data
from seismic profiles of the CROP Project and considerations made possible by the
geological surface evidence, the subsurface data taken into account and ultimately also
by geophysical data, i defined a structural setting model for the Apennines chain in the
studied area characterized by some regional overlap that allowed the superimposition of
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crustal portions. In this context, the available data were separately processed for each
geologically homogeneous area with diverse interpolative methods for the chain and
foreland domains. In particular, we developed a map of TWT with the RST method in
the domains of the Apennines chain, while it is achieved through the method of kriging
in foreland domain. Then, using the calculation of raster maps (MapAlgebra) maps of
the depth, objective of the project were developed. A key step was the study of the
velocity field, is necessary to define the velocity maps to be used in MapAlgebra to
obtain depth maps. The study of the velocity field was carried out on some vertical
localized in the CROP seismic profile in correspondence to some deep surveys. The
MapAlgebra was made using the GRASS GIS software. The limiting aspects of the
used system and the positive and beneficial of this similar procedure were evaluated.
The 3D geological modeling was discussed in Chapter 5. With the software 3DGe-
omodeller a volume model in the geothermal area of Larderello was developed. The
choice of the study area fell on the Tuscan geothermal province because, over time,
it was intensively drilled for geothermal purposes, the wealth of subsurface data were
essential in the selection of this study area. The modeling process was interactive, once
data were prepared and imported into the software. We first create a simplified model
without considering the possible dislocations caused by faults, and then we attempted
the reconstruction by including these structural features. The result is a volume model,
where you can create endless horizontal and vertical sections, and obtain volumetric nu-
meric values of the geologic complex considered. Some limiting aspects of this method
are then discussed.
The final chapter 6 presents a brief discussion of the used data and the method-
ologies, the main results obtained and the limiting aspects of the methods used in this
work.
3
2The experimental geologic
modeling
2.1 Used software
The aims of this project is to define the top of the Variscan basement in the Italian
peninsula area using some modern technologies provided by the informatic tools. The
multidisciplinary nature of the geological modeling, gives us the possibility to use geo-
logical data from various sources and integrate each other, employing model software,
and it opens wide possibilities to reinterpret the existent data and developing new hy-
pothesis. In this work, even if the obtained geologic aspects play an important role, also
the technological point of view and the methodology used today becomes very impor-
tant, in fact, they allow us to obtain the result quickly, (by using a defined procedure)
and newly added data reach immediately a more accurate output. Another focal point
is the possibility to know, with a certain confidence level, the value of the modeled item
where the observation data are unknown in order to have a more exhaustive view of
the modeled process.
The main idea was to make use of the open source softwares, because it allows high
interoperability and integration. This is a good skill as it allows software to do the job
for which it was designed. Here below the most important softwares used and their
principles skills are described:
• GRASS GIS for all the spatial analysis
• Quantum GIS for raster and vector visualization
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• PostgreSQL with PostGIS to manage the databases
• R-project for all statistic and geostatistic tools
To obtain a 3D geologic model it was also used a non open source software named
3D Geomodeller developed and distributed by Intrepid geophysics, (an Australian geo-
physics software house) which sells a convenient academic license too. In the next
section the most important used softwares characteristics are described.
2.1.1 Grass GIS
According to Burrough (1986) a Geographical Information System is composed by a
series of softwares to acquire, store, select, transform and visualize spatial data from
the real world. It involves a computer system and allows to produce, manage, analyze
spatial data relating to each geographic elements one or more alphanumeric descrip-
tions. A GIS could be seen as a Spatial Data Base Management System (SDBMS).
To represent the data in a computer system is necessary to formalize a flexible rep-
resentative model that fits the real phenomena. In the GIS there are three types of
information:
• geometric information: related with the cartographic point of view of the ob-
jects represented; like the shape (point, line, polygon), the dimension and the
geographycal location;
• topologic: referring to the mutual relations between the objects (connection, ad-
jacency, inclusion, ecc..)
• attribute: numerical data, textual data, ecc.., related to each object and managed
with a Relational Data Base Management System (RDBMS)
Another fundamental aspect of the GIS is the geometric one, because it saves the
data position by using a reference system which defines the object’s geographic position.
The GIS manages at the same time the data coming out from different reference systems
(e.i. Gauss-Boaga/Roma40, UTM/WGS84, latitude-longitude). In spite of the paper
maps, the scale, in a GIS is a parameter of the acquisition data accuracy and not a
visualization outset. The real world could be described in a Geographical Information
System through two main data typologies: the vector and the raster data. The vectors
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are made by simple elements as points, lines and polygons coded and stored on the
base of their coordinates. A point is individuated in GIS using its real coordinates (x1,
y1); a line or polygon using the location of its node (x1, y1; x2, y2;...). Each element is
related to a database record that contains all the other attributes of that represented
object.
The raster data allow to represent the real world with a matrix of cells, generally
rectangular or square, said pixel. Every pixel has an information related to the size that
represent in the environment. The pixel size, generally expressed in the unit measure of
the map (meters or kmeters, etc.), is strictly related to the data accuracy. The vector
and raster data adapt to different uses. The mapping vector is particularly suited to
the representation of data that vary discretely (for example the wells location or the
stream network or geologic map), while the raster mapping is more suitable for the
representation of data with continuously variable (for example the Digital Elevation
Model (DEM), a slope map, a temperature map, ...).
The most important GIS spatial functionality is based on the transformation and
processing of the geographical items and their attributes. Some example are summa-
rized below:
• topologic overlay: is an overlay between elements of two themes to build a new
thematic layer
• spatial query: is database select operation starting from spatial criteria as prox-
imity, inclusion, overlap, ..
• buffering: from a point, linear or polygon theme, defines a polygon with respect
to a specific distance or a variable in function of the object attribute
• segmentation: are particular algorithms often used in a network linear theme to
define a point at a specific distance from the beginning of the line
• network analysis: are algorithms that allow to calculate, in linear theme as road
network, the shortest path between two point
The chosen GIS software was GRASS: a tool still not widespread in the professional,
a little more in the scientific community. It has a high potential, comparable, if not
superior, for the owner as a common GIS application Arcview or Autocad MAP. The
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geographycal information system GRASS (Geographics Resources Analysis Support
System) as GIS realized to US military genius by U.S. Army Construction Engineering
Research Laboratories (USA-CERL). Developed on UNIX platform is distributed from
the beginning, as always happens in UNIX, with source code. Now is distributed under
GNU licence (www.gnu.org), according to the rule that the source code is modifiable
providing to redistribute the changes. The develop model is thus precisely that of “free
software” (not to be confused with “FREE” in the sense of gratis), with a distributed
development and three coordination centers: ITC.irst Trento (ITALY); Baylor Univer-
sity of Waco, Texas (USA); Universit di Hannover (GERMANY). The exchange infor-
mation and the developers relationship occur over Internet network, channel through
which the system is distributed to all users. The same channel is used to have access to
the documentation that, in “free software” style, is constantly improved and enriched
both by developers and by users. The GRASS system is organized in three levels:
1. core
2. moduls
3. gui (graphic user interface)
Grass is mostly written using C languages, with some Fortran modules, and now is
possible to choose Tcl/TK the graphical interface or the wxpython one. The most im-
portant commands are inserted in the chapter ?? with the other important procedures.
There are more then 365 modules, some modules are developed for the spatial analysis,
some to build thematic maps, database integration, 2D and 3D data visualizing or data
managing and storing. Thanks to the particular GRASS system of developing, which
allows the programmer to have access to the source code, the number of modules for
the GIS analysis will grow up in order to improve the software potentiality. As the
most known software GIS, GRASS can manage as data raster and vector, and export
and import data with other popular GIS system in raster format (e.i. TIFF, GIF, IMG,
etc.) or in vector (DXF, ESRI-SHAPE, ASCII, MapInfo).
With GRASS GIS software a lot of the available data were collected, it stores the
spatial information in a file system directory named ’grassdatabases’ where with a
hierarchical structure is divided in location and mapset:
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• location: is an independent database, characterized by an own type of projection,
an own reference ellipsoid and a specific coordinate system
• mapset : is the work directory of each user.
The location’s property are extended in each mapset included in. Independently
from the user mapsets, in each location there is present a special mapset called PER-
MANENT where only the user owner can have the access. First of all two locations
were created, in XY generic coordinates and one in Gauss-Boaga east fuse, EPSG:
3004 (European Petroleum Survey Group - code); in this way the data already geo-
referenced in Gauss-Boaga were simply imported into the relative location, whereas
the data without a reference system were before imported into XY generic location
(without reference system) and then geopreferenced in Gauss-Boaga coordinates.
2.1.2 R-Project
R-project is a specific environment for the data statistical analysis that uses a devel-
oped scripting languages largely compatible with S. R-project developed by Robert
Gentleman and Ross Ihaka. It is an open source distributed with GNU license, it runs
under the most important operating system (Unix, GNU/Linux, Microsoft Windows).
The R language is an object oriented, it comes directly from S language, a commercial
language (no open source) developed by John Chambers at Bell Laboratories, since
1997 the number of the programmers working around this project has grown up. The
R popularity is related to the wide modules (library) availability all distributed in a
GPL license and organized in an special network of mirror server called CRAN (Com-
prehensive R Archive Network). Using the modules is possible to extend R capabilities
and performances, between the various modules is possible to add some specific in or-
der, for example, to connect R to a particular database (through ODBC drivers) or, as
in for this work, with a GRASS GIS. The used library for this project was:
• gstat: geostatistical library
• spgrass6: bing grass library
• normtest: normal test library
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Certainly one of the most important item of the open source software is the possibility
to have wide interoperability between softwares, that is the possibility to exchange the
data for different analysis in order to obtain the best result for each analysis with the
appropriate software exploiting their potentiality. In this way it was possible to study
the grass data by importing in R with spgrass6 library and then analyze them with
geostatistical tools provided by gstat library. The last part of this work flow consists
in re-importing in GRASS the R produced maps.
2.1.3 QuantumGIS
QuantumGIS (QGIS) is an open source Geographical Information System, developed
since 2002 and now hosted by OSGeo (Open Source Geospatial Foundation), now it
runs on many platform such as Unix, Linux, Windows, Mac OSX and it is developed
with Qt and C++, this facts guarantee that QGIS appears user friendly and suitable
to use. The first target, during its develop was to have a spatial data viewer but now
QGIS has passed this target on the roadmap developed and it used by many users for
the most common daily GIS operations. QGIS offer both natively and with plugin a
lot of GIS function, is possible to summarize these in six category:
• data visualization: can be overlayed and viewed vector and raster data in different
format and different projection with no conversions into an internal data format.
The supported format for example are ESRI shapefile, MapInfo, SDTS, GML or
some OGC (Open Geospatial Consortium) standards as WMS, WFS or WCS
• data exploration and building map: maps and explored spatial data can be com-
posed using a simple graphical user interface (GUI). Among the many tools be-
longing to the GUI there are: projection on the fly, maps composer, overview pan-
nel, geospatial bookmark, editing/viewing/selecting elements, saving and reload-
ing project
• data editing, modification, managing and exportation: can be created vector
spatial data, modified, managed and exported in a lot of format. The raster data
can be exported in GRASS in order to perform analysis.
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• GRASS function: with a GRASS toolbar the QGIS environment is perfectly
integrated with GRASS, so it is possible to edit, create, and perform the same
analysis that are possible in GRASS
• georeferencing: can be performed the image georeferencing operation, using the
charge plugin
• data analysis: can be performed spatial data analysis on many OGR data format
with ftools plugin, the sampling, geoprocessing, geometry managing, and vector
database managing
• internet map publication: can be used to export data in a mapfile that can be
published on internet by a UMN mapserver
• plugin: QGIS with plugin (a not stand alone software that interacts with another
software to improve the capability) allows to perform a large amount of further
GIS operations. There are two kinds of plugin, the inner core and external write
in python code. The last mentioned are hosted in QGIS official repository and
can be installed by using the plugin python manager and they are maintained by
single author. The other plugin type, built inside the QGIS core, are maintained
by QGIS team and are included in all QGIS distribution released, are developed
in C++ or python languages.
2.2 Geostatistic
The geostatistic is a statistic branch dealing with the spatial data analysis (173), its own
classical application fields are the earth sciences and in particular geology, evironmental
geology, ecology, meteorology and agronomy. There are many application areas where a
process of spatial interpolation is needed to move from one data type to a given spatially
accurate continuous. Many algorithms interpolators are available; but often the user
performing the interpolation Space does not care, or does not need to understand the
used algorithm and how much they are appropriate to the data it is elaborating. In
this work we used two kinds of spatial interpolator to build the Variscan basement top
surface starting from the interpreted CROP seismic profiles as described in chapter 4. It
was used a deterministic interpolator (RST - Regolarized spline with tension) and one
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stocastic (UK - Universal Kriging). The main difference between the two interpolator
classes is that the deterministic one does not calculate the error done in the data
prediction but it gives out only the prediction maps. On the other hand the stocastic
interpolator defines also the error through the use of statistic technique, creating not
only the data prediction maps but also the prediction standard error related, providing
some important information about the data estimation reliability. In any interpolative
process, in addition to the used method, the stocastic interpolation also becomes an
essential tool with which the software will perform the calculations. In this work two
open source softwares were used, GRASS GIS at version 6.4.2 RC2 (compiled from
source code) for the spatial data managing and for the deterministic interpolation and
R-project at version 2.13.2 (package install) with the gstat library (163) for the stocastic
interpolation. The interoperability between these two softwares is very high (20, 109)
and represents a fundamental aspect of the open source software and the commercial
software, so that each tool can run the operations for which it was projected for without
creating unnecessary duplication.
2.2.1 RST - Regolarized Spline with Tension
Some spatial interpolations to build the top surface of the Variscan basement in the
Italian peninsula area were performed by deterministic spatial interpolator, these tools,
unlike the stochastic interpolators, are simple to configure and can be used directly, with
no need to define any particular data property. A deterministic interpolator is based
on the spatial data point interpolation by mathematical functions, i.e. the “spline”
function. This spatial intepolator assigns a single value for each point of the map,
given by the weighted mean of the surrounding known values. Other deterministic
interpolators are:
• inverse distance weighted (IDW)
• polynomials regression
• spline regression
For the Variscan basement top surface reconstruction the RST was used, as deter-
ministic method, by using the GRASS module v.surf.rst, the Regularized Spline with
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Tension is an interpolation method that approximates the surface through spline func-
tions, functions consisting of a set of intervals of polynomials of degree p connected
among themselves. The aim is to interpolate in limited range a set of points (at least
up to a given order of derivatives) in each range point. While linear interpolation using
a linear function for each intervals spline interpolation uses of these small intervals
of polynomials of degree (third degree maximum), choosing them so that they settle
their running in the next two polynomials smoothly. The obtained function is called
“spline” function, and unlike the ones obtained with linear interpolation present fewer
errors and smoother results. Moreover the spline interpolator is easier to evaluate, the
polynomials with high degree required by polynomials interpolation, it does not suffer
Runge phenomena (problems related to polynomials interpolation with high degree),
it means that with the increasing polynomials degree the resulting interpolation varies
in amplitude towards the extreme function. Runge demonstrated that this fluctuation
could be reduced by using spline function, that is by dividing the curve into several
parts in order to use functions with a lower degree. Conceptually, this interpolator
looks like a rubber sheet that passes through the data input while minimizes the total
curvature of the surface. It adapts a mathematical function to a specific closer point
number, when it passes through the sample points. That is a local interpolation meth-
ods, because it operates in the neighborhood of the point to interpolate and it works
well enough when you have to interpolate samples that vary in space slowly. On the
other hand a defect of this interpolator is the impossibility to map the committed error.
The parameters that can be varied to obtain a better approximation are the tension and
the smoothing. To define the parameters that will produce a surface with the desired
properties it is useful to know that the method depends by the scale and the tension
works as rescaling parameter, that implies high tension values increase the distance
between the points and decrease the range of influence of each point; tension with a
low value means little distance between the points but increases the range of influence.
The smoothing parameter controls the variance between the real data value and the cal-
culated data value, in particular with smooth value equal to 0 the interpolated surface
passes exactly to the real value in that point; with smoothing increasing the variance
between the real value and the interpolated value increases producing the smoothing of
the surface. the tension has an important effect on the interpolated surface: it behaves
like a thin membrane, producing peaks and craters, at sample points, for high tension
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values or as a slab steel (inflexible), with low tension values. The best smoothing and
tension parameters can be determinated by the cross-validation procedure in order to
define the right combination is important to carry out the procedure in an iterative
manner, changing one parameter at time until that minimizes the statistical error on
the residuals. The RST function is made by a one “trend function” and one “radial
basis function”:
z(r) = T (r) +
N∑
j=1
λjR(r, r
|j|)
where z(r) interpolated value, λj is the j-esimo weight and R(r, r
|j|) is the radial
basis function with a particular shape depending by the weight choice.
The trend function is:
T (r) =
M∑
l=1
alfl(r)
where fl(r) is an independent variable system.
As mentioned before, the cross-validation is a method to verify the used model
assumption. It consists in the extraction of a sample turn assuming it as missing
and then performs the estimation in the same point, starting from the values of the
surrounding points, so for each sample is possible to consider:
• the real value
• the estimated value
At this point the two above values are compared. Their difference is called “cross-
validation residuals”. The residual will then be studied statistically to verify the relia-
bility to the chosen model. From the cross-validation output is possible to calculate the
expected errors, through the mean amount:mean error (ME) and root squared mean
error (RMSE), values that can be standardized. The values of this parameters give out
the accuracy level of the model. The cross-validation allows to compare the impact of
different models on the results interpolation.
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2.2.2 Kriging
The aim with geostatistics to evaluate spatial autocorrelation of the data, trying to see if
observations of neighboring points actually represent less variability than observations
from distant points. The goal is to evaluate the effect of the position of measuring
point on the variability of data observed. This variability is usually developed with the
instrument of the semivariogram, which assesses the degree of variability of points at
increasing distances. The study of spatial variability is necessary for the next phase of
spatial prediction whereby it can provide estimates on the assumed value and committed
errors by a variable in a location where the measurement was not made. The best-known
stocastic method of interpolation is the kriging. There are many kinds of kriging:
• ordinary kriging (for stationary process)
• universal kriging (for not stationary process)
The doctor Herbert Sichel and the professor Danie Krige were geostatistical pioneers,
whereas Georges Matheron is unanimously recognized as the father of geostatistic.
The autocorrelation defines the degree of spatial dependence between the values of
a sampled variable. An intuitive feature of the environment is that its properties are
related to each other in a any scale, large or small, fig. 2.1. It means that sampled
values in locations close to each other, tend to have similar behavior, while values of
the same variable measured in samples collected in areas remote one from the other
have different behaviors, or at least tend to differ from the average values found in
two places. In this sense, the correlation between the values of the variable tends to
decrease with increasing distance. Adopting the stochastic point of view, each point
in space has not only one value for a property, but a whole set of values. Thus the
observed value becomes a value taken at random from an infinite number of possible
values, taken from some probability distribution for the same the law. This means
that at any point in space there is a change. Thus for each point X0 and a property
Z(X0) is treated as a random variable, generally continuous and not discrete, with its
own mean (µ), a variance (σ2) , moments of higher order and a cumulative probability
function of density. This variable therefore has a probability distribution from which
the real value is extracted. the set of real Z values (measured) can be considered as a
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Figure 2.1: Relationship between very close samples correlated, 1, distant low correlation,
2, distant and not correlated, 3, with the point considered (A) and relationship between
distance and correlation, or autocorrelation (B), from (164)
regionalized variable as it is a variable whose value is strongly influenced by the spatial
position. Considering Z(x) the regionalized variable in x position, is possible to write:
Z(x) = a+R(x)
where a is the random component and R(x) the regionalized component. When a
is dominant against R(x) the variable is studied with the classical statistical methods.
Otherwise it falls within the geostatistics field. A stationary process is a stochastic
process where the probability density function of one random variable Z it doesen’t
change neither in time nor in space, thus parameters mean and variance do not change
over time and space, consequently the distribution of the random process maintains
the same attributes everywhere. Supposing we measure a regionalized variable Z in a
particular direction in space obtaining certain values for each point in this direction it
is possible to get a pattern of values similar to that shown in fig. 2.2 (A). As it can be
seen in fig. 2.2 (B), there is a systematic change of the average value of the variable,
relevant to the scale of observation, and then we can no longer assume a stationary
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Figure 2.2: Z(x) values along a particular direction of space (A) and subdivision of the
total variability into two components (B), from (164)
average or stationary model. This condition of non-stationarity of the variable values
is the sum of two components:
• drift (systematic increase of the mean value)
• residual (variability around the systematic component)
The drift is essentially the average value of the variable as a function of location in
which the variable was measured and can be written as m(x). The value of the variable
Z for each point x can then be expressed as the sum of the average point x and the
deviation from the mean value measured, Y (x):
Z(x) = Y (x) +m(x)
The assumptions made are as follows:
• Y (x) residual is a random stationary variable, where the mean value is constant
• the drift is a deterministic function of the localization
• the drift and residual are not correlated
The semivariogram is a geostatistical algorithm which is used to evaluate the spa-
tial autocorrelation of gereferenced data points observed. The semivariogram function
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interpolates the semi-variable of observed values in groups of pairs of points at certain
distances (lag) according to a certain direction.
The semi-variable is:
γ(h) =
1
(2m(h))
m(h)∑
i=1
(Z(xi + h)− Z(xi))2
where Z is the value of a measurement at a particular point, h is an interval of
distance between points measurement (lag) and m(h) represents the number of pairs of
observations at a distance h. The axes of the experimental semivariogram are distances
between pairs of data (x axes) and semi-variance (y axes), fig. 2.3. The graph obtained
Figure 2.3: Semivariogram function example, from (164)
from the semi-variable equation consists of a series of distinct points, distant from each
other a certain lag defined. The experimental semivariogram must be interpolated with
different mathematical functions, to determine the type of spatial autocorrelation of
the measured variable, which will subsequently be used interpolation with kriging. In
the process of kriging in fact a continuous function is required for the assignment of
weights at all points, and is linked to the value of the semi-variable. The semivariogram
model is inferred from observation of the experimental semivariogram.
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It is possible to imagine a function that best approximates the experimental points of
the variogram; the problem is to understand how this curve will follow the experimental
data. To model and have a good result on the variogram it is important to pay attention
on the general trend points and not on the individual fluctuations. Then the type of
function to be chosen has to be as simple as possible, and always in relation to the
complexity of the variogram. The extimated parameters are:
• nugget: describe the level of random variability
• sill: the maximum semivariance value when we have the stationary condition (it
approximates to the excess sample variance)
• range: the maximum distance within which correlation of semi-variable and lag
are manifested
The semivariogram function is a spatial correlation function, with certain graphic
and quantitative characteristics, called structural properties, as:
• symmetry
• continuity
• range of influence
• behavior near the origin
• anisotropy
• drift
The modeling of the variogram is a very delicate step as it is necessary to choose
the curve that better approximates the discrete number of points obtained from the
experimental variogram. The process of model fitting to the variogram is difficult for
various reasons:
1. the accuracy of the observed semi-variable is not constantly
2. The variogram can contain many point to point fluctuations
For these reasons a fitting model procedure is recommended it includes both the visual
appearance in the trend function and the statistical aspect, as follow:
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1. create the experimental variogram
2. chose one or more of the available models in order to meet the main trends of the
experimental values
3. adapt the model with statistical procedures to minimize errors
4. check the graph result in order to assess qualitatively the goodness of the result
There are many kinds of model to approximate the experimental variogram 2.4, the
most widely used are:
• exponential model
• spheric model
• gaussian model
• linear
Figure 2.4: Example of variogram models, (164)
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The estimation of the variogram function is performed on the basis of data from
sampling the phenomenon under study. If you sampled data according to a regular grid,
computing is very simple owing to the stationarity of the increase Z(x + h) − Z(x),
calculation is immediately the variogram function for a certain direction and for a
particular lag h. The variogram calculation is based on the differences in the values
of the variable regionalized in two different locations, separated by a distance h. The
procedure is:
1. start calculating the difference between the values z(x1) and z(x2), then between
z(x2) and z(x3), for the couple z(xi − 1) and z(xi). The different will be equal
to m(x), ie the number of pairs of samples for this lag
2. the result of any differences rises to the square
3. add up all the squares
4. divide this sum by 2m(h), as into the semivariogram formula
5. repeat the same steps from 1 to 4 second lag (double the first)
6. repeat the same steps from 1 to 4 third lag (three times the first)
7. repeats the procedure until the last lag distance you want
Usually you choose a number of lag ranging from 10 to 20. In fact, a low number of
lag (less of 10) might result in loss of meaning to the variogram, lowering the resolving
power of the variogram. A high number of lag would lag too much to be considered
beyond the maximum range of spatial correlation among the data. Unfortunately
there is not always a regular grid, of samples do the technical for the calculation of the
variogram has to be adjusted. In this case it may happen that in a certain direction r
no point fall sampled, because it is arranged in an irregular manner. To avoid this, we
consider one direction r, detected using an angle from a reference direction, with an
angular tolerance ∆Φ, fig. 2.5. ∆h tolerance must also be given on the distance. So by
all pairs with distance between h−∆h and h+∆h and aligned in the direction between
Φ−∆Φ and Φ + ∆Φ contribute to the calculation of the variogram. The values of the
tolerances to be taken of course depend on the amount of samples you have: more such
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Figure 2.5: Irregular sampling, from (164)
samples may be smaller and tolerances, allowing a greater precision in the calculation
of the variogram.
The map of the variogram is a plot representing the progress of the variance in
space it. Is constructed, using a grid of square cells (or circular sectors), based on the
values the y axis of the experimental variogram. The width of the cells is determined
by the extent of the lag, the higher the number the smaller cells lag. The map of
the variogram makes it understandable quickly how the anisotropy vary in the space
to decide on which direction the main focus with the variogram. Each map cell is
represented, in fact, with a variable color symbolism depending on the value of the
variogram according to its chromatic scale, fig. 2.6.
This plot, as mentioned before, allows to define the most continuity data direc-
tion, simply watching from the center and identifying the direction from which they
have lower values of variance. This different pattern of spatial variability is known as
anisotropy.
The cross-validation is an iterative procedure: each sample is excluded from the
dataset and interpolated through the value of others, using the variogram model you
want to test. The comparison between the estimated value and the actual value is
called the residue of the cross-validation. The study of residues in the dataset shows
us the model behavior. The main parameters study are:
1. the mean residuals, indicating the accuracy of the estimate, which must be close
to zero
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Figure 2.6: Example of a map of the variogram, from (164)
2. the least squares error (RMSE), indicating the precision
√
1
n
∑n
i=1(Zi − Z ′)2, that
must be the smallest possible
3. the standard deviation of the kriging (MSDR) 1n
∑n
i=1
(Zi−Z′)2
σ2
, which allows to
compare the magnitude of errors predicted with errors actually committed, com-
paring the variance that is true and calculated in the cross-validation.
where Zi is the estimated i-th value, Z
′ is the real values, σ2 the error variance and n
the samples number.
In order to reconstruct the sought surface it is necessary to interpolate the available
data to estimate the values whose you do not have samples. In this sense, the kriging
comes to us as it gives a solution to the problem of estimating based on a stochastic
continuum model of spatial variation. It makes the best use of knowledge of the variable,
taking into account the way how a property varies in space through the variogram
model that was chosen and validated. There are different types of kriging, including
ordinary kriging (OK) and universal kriging (UK), for different types of variables. What
differentiates them is the type of variable used: Ordinary kriging can only work with
stationary variables of the second order (present constant mean and variance depending
only on the lag moving from point to point), universal kriging can also work with non-
stationary variables (which have a drift). As mentioned before one of the assumptions
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made in the ordinary kriging is the stationarity of the data to estimate, this means that
moving from one area to another the average of the values is almost constant. When
there is a significant trend of the data space (intrinsic feature of the data itself that
causes the average of the values is not constant but varies from point to point) this
assumption is not valid. The stationarity condition of the data can still be restored
through the introduction of a deterministic function describing the drift, that is the
trend of the average, in order to isolate the residual, that is the part of the aleatory
data. The universal kriging model subtracts the drift from the data, by a deterministic
function, and analyzes the only residual component. As the drift and the residue are
not correlated the drift can be modeled by a deterministic function of the localization,
therefore the value of the variable Z(x) is:
Z(x) =
K∑
k=0
akfk(x) +m(x)
where
K∑
k=0
akfk(x)
is the sum of a polynomials functions set fk(x) of order 1 or 2 and f0(x) = 1 and the
m(x) term is the stocastic component (variogram).
The universal kriging, used in the non-stationarity, provides the point estimated
(the point x0) by the formula:
z ∗UK (x0) =
K∑
k=0
n∑
i=1
akλifk(xi)
that will provide a correct estimate only if it meets the condition:
n∑
i=1
λifk(xi) = fk(x0) ∀k = 1, ..,K
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The solution of the system below allows to quantify the weights λj to estimate the
generic point:
n∑
i=1
λiγ(xi, xj) + ψ0 +
K∑
k=0
ψkfk(xi) = γ(xi, x0) ∀i = 1, .., N
n∑
i=1
λi = 1
n∑
i=1
λifk(xi) = fk(x0) ∀k = 1, ..,K
where γ(xi, xj) is the semi-variable residues between points xi and xj and γ(xi, x0)
is the semi-variable between the i-th sampled point and the target point of the estimate
x0. In kriging, ordinary and universal, through a system of linear equations, assigning
weights to the analyzed samples surrounding the point that minimizes the total variance
of errors. Usually four or five closest samples contribute 80 % of the total weight, the
remaining 20 % is awarded to approximately ten other nearby points. The main factors
that influence weights are:
1. closer samples carry more weight than the far ones and the amount of weight
depends on their position and on the variogram;
2. samples grouped around a certain point carry less weight than isolated.
Just to remember, in the multivariate statistical analysis, the method is known
as cokriging interpolation. This method is very similar to ordinary kriging, the only
difference is that in estimating the main variable (target) is not only based on the values
of the variable examined but it also considers other auxiliary variables. Considering
the case where you have two spatially correlated variables Z1(x) and Z2(x), sampled
respectively in a set of n1 and n2 locations, wishing to estimate the value of the variable
Z1(x0) through the values of surrounding Z1(x) and Z2(x) use:
z ∗ (x0) =
n1∑
i=1
λiz1(xi) +
n2∑
i=1
ωiz2(xi)
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where λi and ωi represent the weights of the two variables considered. The value of
the weights to be assigned is found by solving the system below:
n1∑
j=1
λjγ1(xi, xj) +
n2∑
j=1
ωjγ12(xi, xj) + µ1 = γ1(xi, x0)
n1∑
j=1
λjγ12(xi, xj) +
n2∑
j=1
ωjγ2(xi, xj) + µ2 = γ2(xi, x0)
n1∑
j=1
λj = 1
n2∑
j=1
ωj = 0
The cokriging is therefore useful when the main variable is under-sampled compared
to the other.
2.3 Used data
The data choice is obviously the first important aspect to be evaluated in order to de-
velop the proposed target, the need to find the useful data to build 3D geologic model
is an hard work, that is for the sensibility of the data required. The building of 3D
geologic model starts, for sure, from a geologic surface map in a certain scale (estimated
valid for a precise scale of work), then it would be important to have surveys that reach
depths considered of interest for you to reconstruct 3D surface (direct data). Always it
is not easy to find out the data well log need, those are clearly industrial sensible data,
in this case, and when we are lucky, is possible relay on indirect investigations coming
from geophysics methods, that means seismic data, gravimetric data or magnetic data.
It is evident, we are against a various dataset, one of the project target is to organize
this data collection in order to make this heterogeneous information easily available.
In particular there were collected data about geological surface map with the most
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important geological domains and structural features, some geothermal and hydrocar-
bons well logs (onshore and offshore) and finally also a geophysical data on seismic and
gravimetric sources. This organized dataset allows to develop the geologic models to
improve the knowledge on crystalline basement, their sedimentary meso-cenozoic covers
in the study area, and helps to identify, define and evaluate any potential reservoirs of
geo-resources. Below the data collected and how they were organized are described.
2.3.1 CROP data
In order to build the model of the Variscan basement surface seismic data were sought,
they covered the Italian peninsula area and ensured a depth of investigation and a
uniform consistency of the information on a small scale, a large amount of data has
been extracted from the (87) and the attached tables. Unlike the volume (183), where
the seismic cross-section are not interpreted, in the volume (87) is possible to find
the cross seismic section with the authors interpretation. The reinterpretation of the
seismic data, despite having scientific interest, was not included among the aims of
the project, both because of the difficulties related to the reprocessing of seismic data
and its geological interpretation effects, and for the short notice of this project. The
(87) contains, as well as a book with scientific papers relating to the work of seismic
interpretation and geodynamics,the base map with the tracks of the seismic profile
distributed in the Italian peninsula and surrounding seas, a set of seismic interpreted
profile and a map of the Moho obtained from interpretation of the same profiles of the
Italian area.
The first step in the acquiring CROP data process includes the scanning operations
of the base map and the subsequent georeferencing operation. Then, with QGIS soft-
ware 2.1.3, the profiles were drawn and saved in a shape file. The Moho map, after
the scanning and georeferncing operations, has always been digitized in shape format.
The digitizing process, topologically realized, produced a line layer representing the
Moho’s isobaths, the attribute related table is compiled with the values of each line.
Was also produced another vector layer which reproduces the most important tectonic
lineaments that involve the moho discontinuity. The CNR Institute of Marine Sciences
(ISMAR), is the institution responsible for maintenance and data management CROP,
so ask them the ascii dataset of some seismic profiles of interest. For our purpose it
was important to have the exact location of each shot point (SP) belonging to each
26
2.3 Used data
profile of interest. The received data contains the latitude and longitude of each SP, so
with the QGIS software it was possible to plot each SP in each own profile in order to
obtain the data map, starting point of all the further elaborations. This kind of data
was used mainly to build the model explained in chapter 4.
2.3.2 BDNG data
The underground data were acquired from a part of the Italian National Geothermal
Database (BDNG), in particular these data are represented by the stratigraphic well
data contained therein, where surveys related to levels reached lithologies belonging to
the crystalline basement and its related. The Italian National Geothermal Database
was built in 1993 by the International Institute for Geothermal Research in Pisa (cur-
rently IGG, Institute of Geosciences and Earth Resources) of the National Research
Council (C.N.R.) as completion of the Inventory of geothermal resources by CNR,
ENEA, ENEL and ENI, under Law No 896 of 1986. Data have been continuosly up-
dated until 2001. During 2008, a software and data update have been scheduled and
implemented with the help and technical support of ENI Refining & Marketing, R &
S managment. The BDNG is a part of a wide project, called Geothopica, where the
database is the indispensable core. The commitment of the Institute of Geosciences and
Earth Resources, with the support of ENI Refining & Marketing, R & S managment,
and with collaboration of UNMIG (Ufficio Nazionale Minerario per gli Idrocarburi e le
Georisorse National Office for Mining Hydrocarbons and Earth Resources) department
of the National Economic Development Ministry, that guaranteed the access to a new
dataset, has produced an upgrade that yields one of the most complete underground
data repository at the national level. The database contains geothermal data for the
whole Italian territory, such as geothermal wells, geothermal springs or manifestation
(with temperature > 30◦C), geothermal exploration wells, hydrocarbons wells and also
shallow and unproductive exploration wells. After the last update (winter 2010), 3183
wells and 586 thermal springs are stored in the database. At present the BDNG is
hosted in a computer server where each client, who has a right authorization, is able to
access the dataset. That’s a tipycal client-server architectures, characterized by high
storage capacity, data processing and data sharing between a wide spread users typol-
ogy. The server side contains the database server software and the data stored providing
27
2.3 Used data
enterprise features such as referential integrity constrain, query and search highly per-
forming algoritms, data managment, multi user connection without inteferences, user
access policy, data recovery.
2.3.3 Geological map
Particular attention was dedicated to the geological map to take into account, the choice
of the geological map is a crucial step in order to define what are the litho-stratigraphic
units to correlate to the wells selected litho-stratigraphy. The first geological map col-
lected and studied was the Geological Tuscan Region map in 1:250.000 scale, published
in 2004 (32), but this map was not sufficient for the whole national territory, because
it has a too large scale for the national representation and it faults of course for the
missing coverage outside the Tuscan region. At first, the Geologic Structural Model of
Italy at 1:500.000 scale (2), seemed to satisfy the specific requirements, but at a more
detailed analysis of results as well as always be too detailed for the realization of the
model of the surface of the Variscan basement. The ISPRA (Superior Institute for the
Protection and Environmental Research) 1:1.000.000 scale geological map (111) seems
to satisfy the requirements such as a good scale of the representation for the study
area, a good litho-stratigraphical division correlates with the lithostratigraphic wells
acquired easily.
2.3.4 Geophysical data
Now geophysical dataset includes only gravimetric data, the magnetic data are not
available because belonging to ENI, also after a formal request made for scientific use,
the ENI headquarter has not released any kind of magnetic data.
Otherside, on the ISPRA website is possible to find out some gravimetric data
output, this dataset is available free of charge for downloading. The gravimetric data
includes Bouguer Anomalies vector isoline, raster grid and georeferenced images, but
only the station position are present, the measured data in each station is missing. The
Italian territory is cover by 39 map sheets at 1:250.000 scale (112), in particular the
observed data stored in the postgresql database, with spatial postgis extention, was
referred to IGSN71 (International Gravity Standardization Net 1971)and the Bouguer
Anomalies were computed with a correction density of 2,63 g/cm3 The gravimetric map
28
2.3 Used data
is the result of a project that involves ISPRA, National Institute of Oceanogrphy and
Sperimental Geophysic (OGS) and Exploration and Production division of ENI.
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3The geology of the Italian area
3.1 The evolution of appennine’s tectonic
The geology of Italy is the result of a really complex geological history that can be traced
from the late Paleozoic Variscan orogen, throughout the Mesozoic opening of the Paleo-
Tethys with progressive crustal thinning and development of a series of platforms and
basins sometimes evolved into the oceanic stage e.g. (22, 189) with the sedimentation
of widespread and thick Mesozoic carbonate platforms grown on continental margins
e.g. (145, 189) and the closure of continental and oceanic basins developed within the
frame of convergence between Africa and Eurasia during the Tertiary (22, 125, 172).
The present day tectonics of Italy is still controlled by the relative motions between
Africa and Eurasia plates Fig. 3.1, accommodated by the displacement of a number
of tectonic units that developed during the collision of the Alpine and Apennine belts
(21, 72, 76, 125, 160).
The Apennines, constitute the backbone of peninsular Italy, form a NW-trending,
ENE-vergent, foldthrust belt, Fig. 3.2.
In their frontal part, the Apennines belt is limited by the foredeeps that developed
to the east from Southern Apennines to the Po Plain. Following the Oligocene-Miocene
continental collision, clastic wedges accumulated in these elongated foreland basins in
front of the deforming belt. During Neogene, contractional deformations migrated east-
ward, mostly in a piggyback sequence of thrusting towards the foreland (62) favoured
by the parallel retreat and the sinking of the lithosphere toward the Adriatic foreland
(125).
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Figure 3.1: Western Mediterranean paleotectonic maps, from (145). Brown area: conti-
nental crust. Green area: oceanic crust. The red arrows are the regional trascurrent faults
(in A and B), the red line with red triangles indicates subduction lineaments. The double
red arrows indicate the opening of the provential-ligurian basin (C) and the Tyrrhenian
basin (D)
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Then the Puglia region, part of the Iblean Plateau in SE-Siciliy and few areas
in the Po and Venetian areas constitute the undeformed or very poorly deformed-
foreland areas of Italy. Finally, the Apennines are internally bounded to the west by
the Tyrrhenian sea, an extentional basin developed from Miocene times (126). To
date, the convergence between Africa and Eurasia is still accommodated by a complex
deformation of Alps and Apennine systems probably due to the chain fragmentation
and lateral extrusion (21). At the same time a compression in the external front of
Figure 3.2: Lateral extrusion model applied to the Apennine Chain, the frame of conver-
gence between Africa and Eurasia at Pliocene, from (21)
the Apennines, a NE-trending extension developed in the internal part of the chain,
and within the mountain range accommodated by moderate and large normal faulting
along the Apennines (146, 159, 170) among many others, see Fig.3.3. In the frame of
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this view the eastward migration during the Neogene of paired extensional (in the west)
and compressional (in the east) fronts, together with flexural subsidence of the Adriatic
foredeep and volcanism are interpreted as responses to the roll-back of the subducting
Adriatic-Ionian lithosphere (83, 86, 113, 125, 178, 185). On the other hand many other
studies point out the importance of he stricke-slip tectonics when dealing the evolution
of the north-central Apennines (58, 78, 129)
Furthermore both geological and geophysical data and studies evidenced that the
Apenninc chain was segmented into different arcs, probably due to the nature of the
subducting material (123, 127, 161, 168). In particular, the Apennines are divided
into two main arcs, the northern and southern, separated by a NNE-SSW mainly
strike-slip fault (named Ancona-Anzio Line) with a crustal or even lithospheric depth
(73, 94, 95, 121, 160). The complex geological evolution of the Apennines and the
presence of alternating lithologies within the stratigraphic piles represent a lithological
multilayer of brittle and ductile units, later acting as main de´collement levels, gave rise
to a very complex geometrical arrangement among tectonic units, both in plan-view and
in cross section, making it very difficult to reconstruct the geometries at depth because
of this strong deformational decoupling within the tectonic pile. As a consequence,
thin-skinned and thick-skinned thrusting have been proposed as alternative models for
the tectonic evolution, these models leading to strongly contrasting reconstructions
about the amount and the shortening rate, and more in general about the tectonic
evolution of the Apennines (36, 95, 182, 194). By applying a thin-skinned criterion, for
instance, Hill & Hayward, in (106), computed 157 km of shortening over a section of
226 km length across the central Apennines. In contrast, by applying a thick-skinned
criterion over about the same section, Tozer, in (194), obtained 37 km of shortening
over a distance of 158 km (see also below, 3.3)
In more recent times, the tectonic architecture and deep geometries beneath the
Northern, Central and Southern Apennines were unraveled, respectively by the CROP-
03 (12), Crop-11 (19) and CROP-04 (182) deep seismic profiles, even if the basement
attitude remains still poorly constrained because of the lack of deep data.
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Figure 3.3: Synthetic tectonic map of Italy and surrounding seas; 1) Foreland areas;
2) foredeep deposits (delimited by the 1000 m isobath); 3) domains characterized by a
compressional tectonic regime in the Apennines; 4) thrust belt units accreted during the
Alpine orogenesis in the Alps and in Corsica; 5) areas affected by extensional tectonics:
these areas can be considered as a back-arc basin system developed in response to the
eastward roll-back of the west-directed Apenninic subduction; 6) outcrops of crystalline
basement (including metamorphic alpine units); 7) regions characterised by oceanic crust:
an oceanic crust of new formation has been recognised in the Provenal Basin (Miocene in
age) and in the Tyrrhenian Sea (Plio-Pleistocene in age) while an old mesozoic oceanic
crust can been inferred for the Ionian Basin; 8) Apenninic water divide; 9) main thrusts;
10) faults (from (182))
34
3.2 The Italian basement
3.2 The Italian basement
The concept of geologic basement is best explained by a craton with crustal consolida-
tion of a definite age, eventually sealed by an undeformed younger tabular sequence.
The problem arises when the considered area shows lateral variation in age of crustal
consolidation or polyphasic superimposed deformation. The worst case is when a se-
vere deformation (and metamorphism) involves the cover and reactivates the basement
forming basement tectonics, basement thrusts and nappes (i.e. Appenines), so the
basement is divided into two parts: a basement that includes Variscan (and in case the
pre-Variscan) metamorphic and/or deformed rocks, and their late Paleozoic intrusion
and the cover that includes late Paleozoic volcanics and pre-late Permian sedimentary
rocks. The magnetic basement depends from the property of magnetic susceptibility,
that is high for basic crystalline rocks, intermediate for acid crystalline rocks and low
for sedimentary rocks. The magnetic basement roughly coincides with the bottom of
the sedimentary basin, the main assumption is that beneath the top of the magnetic
basement no sedimentary formation occur. The metamorphic formations with a large
and low-susceptibility, or high-susceptibility intra-sedimentary bodies producing sig-
nificant magnetic anomaly need to be individuated to define correctly the magnetic
basement. The acoustic basement is used in the interpretation of seismic reflection
profiles to indicate a seismic facies, characterized by very poor returns beneath the
deepest seismic reflector, usually located above the moho (201).
Here the main data of the basement known in Italian area are described, in order to
assign them to the main Alpine and pre-Alpine paleogeographic domains. The inter-
pretations of the data are very difficult as there are few extensive outcrops of basement
units with respect to the Mesozoic cover, the units are often uprooted and non-native
(especially in the alpine zone), and are put in place with different mechanisms of ex-
humation. We refer as geologic basement to the late Carboniferous crystalline igneous
and metamorphic rocks having undergone crustal consolidation during the Variscan
and/or earlier orogenic cycles (201). The basement cover is referred to late carbonifer-
ous to Permian sequences predating the Permian and Triassic evaporites, and usually
represents the main decollement horizon. The distribution of outcropping or near sur-
face basement elements in and around the Italian area is uneven, the basement is
mainly represented in the Alps as individual basement or as basement-cover nappes
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and in the subsurface of the European and Adriatic forelands. Unlike the Alps, the
Apennines show few scattered basement outcrops, as thrust or slices with their respec-
tive late Paleozoic often detached cover (7, 66, 82, 119, 153, 158). The main Paleozoic
rock sequences are in the Corsica-Sardinia block, in the Calabro-Peloritani terrane,
in the internal Tuscan Apennines and the southern Alps and in the underground of
the Adriatic sea. Some other information are available from the subsurface in the Po
Plain, Umbria, Puglia and from reworked Paleozoic clasts in Lucania. A pre-Variscan
basement (about 750-550 Ma) unaffected by later metamorphism is present in Adriatic
foreland of the Variscan and Alpine orogen, (202).
The Corsica-Sardinia block presents a thick silicoclastic Cambro-Ordovician tur-
biditic, followed by mid-Ordovician mainly rhyolitic volcanics, the Caradoc-Ashgill
marker beds with periglacial shelly fauna of the Mediterranean Province, and Silurian-
Devonian thin pelagic Bohemian-circum-Mediterranean sequence. Common Culm-like
deposits represent the Variscan flysch of early Carboniferous age. The Variscan defor-
mation is postdated by the upper Carboniferous to earliest Permian granitoid intrusion
and by the earliest Stephanian San Giorgio lacustrine beds (11, 44, 202). The Variscan
deformation and metamorphism is well preserved and expressed by the classic NW to
SE striking metamorphic zonation and a clear SW vergence (48, 79). The pre-Variscan
is well documented in the external nappe area of the SW Sardinia, with the Sardic
unconformity and open mid-Ordovician folding.
The Calabro-Peloritani area is composed by some mini-terranes, accreted from Pa-
leogene to Neogene. The terranes derived from the east Corsica-Sardinia block and
adjoining east Corsica and west Tyrrhenian eo-alpine chain, and accreted onto the
evolving Apennine chain. They contain a Variscan basement, intruded by late Pa-
leozoic granitoids sealing different metamorphic units. They lack Variscan Paleozoic
cover, but contain a Mesozoic-Cenozoic cover that differs from terranes to terranes,
(25, 26, 198, 203). In the Catena Costiera (CC) and in west Sila (SI) terrane the Bagni
phyllites are known, in organic rich, possible referred to Carboniferous or early Paleo-
zoic age. In the SI unit is exposed a lower to middle Triassic clastic-carbonate volcanic
cover of Austroalpine to southAlpine pertinence. The Longobucco terrane (L) and the
composite Serre, Stilo, Aspromonte and Peloritani (SESAP) have the same Paleozoic
sequence but a quite different Mesozoic cover. The Paleozoic is made by Cambro-
Ordovician silicoclastic turbidites overlained by rhyolitic to bimodal volcanism, by the
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Siluro-Devonian black shale to pelagic limestone and early Carboniferous turbidites and
intermediate to basic alkaline volcanics (199). Granites with peraluminous characteris-
tic of early Permian age (290-280 Ma) are common and seal different Variscan tectonic
units. The mesozoic cover of the L terranes presents a Jurassic calcareous turbidites
dissected by sedimentary dikes (continental margin rifting and collapse), after its east
migration during the late Oligocene to early Miocene and its overthrusting over SI
was sealed by late tortonian clastics. The SESAP terrane is covered by Oligo-Miocene
Capo dO´rlando and related formations and results very thin (ten to hundred m). The
polarity of the Variscan structures in the Calabrian and south Tyrrhenian area is diffi-
cult because it is difficult to take into account the complex of mid-Jurassic to Pliocene
fragmentation, dispersal and reassembling of the terranes exposed.
In the Internal Tuscany Apennines the outcrops are better than those of the south-
ern Apennines, the variety of the basement and cover types is quite high. The Variscan
basement that crop out in Punta Bianca and Massa zone, Elba island and Monticiano-
Roccastrada is characterized by clastic metasediments and porphyroids, maybe Cambro-
Ordovician protoliths, by thin black shales, similar to worldwide silurian black shale
graptolitic bearing, to pelagic Orthoceras bearing limestone (Silurian), nodular lime-
stones and shales (Early to Middle Devonian). The cover are represented by upper
Carboniferous and lower Permian silicoclastic are both marine and continental. The
subsequent Alpine cycle is represented by the marine lower to middle Triassic beds, that
are somethime interlayed with alkaline volcanics (Punta Bianca, Bergiola, Foscalina),
(174). In Larderello-Travale a basement units with a higher metamorphic grade was
drilled by some geothermals wells, it consists in micaschists (micaschists group) and
in gneiss and anphibolites (gneiss group). The gneiss group is weakly not-affected
by regional Alpine metamorphism (80). In particularly the Larderello underground
structure includes 2 to 3 km thick tectonic wedge-like layer composed by irregular al-
ternations of Mesozoic dolomites, anydrites and Verrucano cover unit, late Paleozoic
cover unit, Paleozoic basement unit (phyllitic-quarzitic group), higher grade basement
units (micaschists group) (7, 80). According to (200) the gneiss group could repre-
sents the western most presently attained edge of the underthrust Adriatic Proterozoic
basement of the Panafrican consolidation.
The Apuane Alps and Monti Pisani zone Variscan basement is very similar to
that of Elba island and Monticiano-Roccastrada ridge. The exclusively continental
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cover deposits represent a scattered little lacustrine Permo-Carboniferous basin (San
Lorenzo schists) and very thin lenticular Permian alluvial fan deposits, Asciano rubbles,
constitute the first Alpine cycle. The second and more developed in thickness and in
time (Jiurassic up to Oligo - lower Miocene) is represented by Triassic Verrucanoup to
Pseudomacigno formation. In the north easter Apuane zone crop out in the Cerreto
Pass zone in allochthonous lies, rocks with an high metamorphism grade, composed by
paragneiss, micaschists and anphibolites, .
In the Southeastern Tuscan zone the section includes an Upper Devonian carbonate
to radiolarite sequence, overlain by a thick Lower/Upper Carboniferous culm-type silic-
oclastic and pelitic to turbidite sequence, with carbonate olistoliths and olistostromes.
Late lower Permian marine carbonates were cored in the Amiata wells, but a distinc-
tion between Flysch and Molasse tectofacies in this succession is difficult. Gneiss and
micaschists xenoliths within the Mt. Amiata upper Quaternary volcanics indicates the
presence of a high grade metamorphic basement (81). Easterly of the Farma and Mt.
Amiata, in Perugia 2 well, cfr. 4.4, penetrated low metamorphic dark schists of possible
Paleozoic age. These schists are often referred to the Triassic Verrucano group. The
polyphasic metamorphic rocks of the bottom of log, can be interpreted as Paleozoic
basement.
The Southern Alps and the northern Adriatic sea basement can be subdivided into
high grade internal west Southalpine represented by the exhumed high grade meta-
morphic rocks of the Ivrea zone and in other eastern areas, related to a silicoclastic
protoliths as old as Proterozoic and possibly, Cambrian carbonates. The metamor-
phism is decreasing from granulite to anphibolites facies from west to east. This belt
is traced south into the Milano-Pavia magnetic basement block of the Po plain, as
drilled in Battuda AGIP well, cfr. 4.4 (50). Going towards venetian zone the meta-
morphism decreases, an intermediate zone is present in Judicaria, Alto Adige, Recoaro,
Agordo, Cereda region where the main decollement basement level is located in Cam-
brian, then the Ordovician thermal anorogenic event is indicated by porphyroids. Rare
mid-Paleozoic carbonates might be present, but no direct evidence of Variscan flysch
is available. This part of the belt is traced south in the Mantua block of the Po plain,
(50). The low metamorphic grade external part of the belt, Southalpine zone (Car-
nic Alps, Comelico, south Karawanken), is present with a complete Upper Ordovician
(Cardoc) to mid-Carboniferous (Namurian/ Westphalian) fossiliferous sedimentary and
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volcanic. They follow late Moscovian to Permian mainly marine cover deposition sealed
the Paleozoic sequence. Toward south-southeast the Variscan deformation terminates
in a open fold zone followed by the Adriatic foreland. The foreland is caracterized by a
446 ± 18 Ma granitic intrusion into Panafrican Proterozoic metamorphic rocks (200),
as described in Assunta 1 well crossing the Lower Triassic clastic and Middle triassic
dolomites or Permian limestone, Amanda 1 bis well, cfr. 4.4.
3.3 Previous works on the pre-alpine-appennine substra-
tum
In this section there is a selection of some works related to the efforts to reconstruct and
define the nature of the top Hercinian basement surface, in particularly the choice was
based on the previous recent studies, with a regional character and a wide representation
of Italian area.
In 1981 Pieri and Groppi (167) published a work on the underground geological
structures of the Po plain on the basis of data collected during the oil & gas exploration,
they had well-defined sequences of the Plio-Quaternary Po plain and the homocline
character of the pedalpina Venetian area that, together with the Adriatic monocline,
represent the Pliocene foreland of the Apennines chain. As they reported, two wells,
Monza 1 and Battuda 1, respectively reaching 4885 and 5409 m deep, were drilled in
the pedalpina area, reaching the basement. The wells encountered the top of the “lakes
schists” formation. The work produced a map of the depth of the base of the Pliocene
and a series of geological cross-sections of the Po plain.
Another important contribution was made by Mostardini and Merlini (152), with a
paper including geological cross-sections, from the Tyrrenian sea to the Adriatic fore-
land, supported by geophysical and surface data. The trend of the magnetic basement
was reconstructed with the interpretation of the aeromagnetic survey. These authors,
in relation to geological sections, produced by this work, point out that the magnetic
basement may not coincide with the geological ones, the geological interpretation is
driven at depths of up to 500-1000 m above the magnetic basement, with the exception
of the Apulian where an unknown serie seems to be present between the bottom of
the Burano formation and magnetic basement. This work shows that the magnetic
basement deepens slightly to the west, with an uplift under the Tyrrhenian area, in
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particulary between Monopoli and the Gargano area there is shallow 9 km depth and
toward west southwest there are depths exceeding 13 km.
In 2001 Cassano et al. (included in (201)), studied the available magnetic and
gravimetric data to better understand the structure of the Apennines and adjacent
basins on the base of the magnetic map of Italy at 1:500.000 scale (50), identifying the
magnetic province, magnetic basement and intra-sedimentary magnetic bodies. The
magnetic basement is the deepest susceptible horizon indentifiable by magnetometry,
it is the substratum (sensu lato) of the sedimentary cover of the various basin (201).
In the map of the magnetic basement in Fig. 3.4, the depth iso-contour line of the
magnetic basement, the location of the main magnetic discontinuity and the volcanic
bodies are indicated. In the northern Apennines chain along the Pontremoli - Mt.
Amiata - Civitavecchia there is a magnetic basement in a depth range of 2 to 5 km,
and it is in part over thrusted on the eastern basement, with a depth included between
10 and 12 km. The interpreted gravimetric Italy map, Fig. 3.5, shows the main
features of the Apennines, with the positive and negative anomalies, regarding the chain
and the eastern foredeep basin. The intermediate wevelenght amplitude anomalies
are related to the principal basement step from Liguria to Calabria. It is evident
that the Apennines chain presents an arcuate shape marked by the thrust front (160),
and it is longitudinally divided into internal and external part. The main thrusts are
fragmented by faults that define the various geographic and tectonics sector of the chain
(49, 65, 169).
This work concludes remarking that, from the magnetic basement map, the Apen-
nines chain is involved in various orogenetic stage, they have an arcuate shape identi-
fiable by the main thrust and fault structures developed from Cretaceous to the Plio-
Pleistocene. The close relationship between the analyzed magnetic and gravimetric
maps identifies the main sectors of the chain, as the undisturbed foreland zone, the
zone of thrusts overlaps in the chain and extensional basins in the interior. From the
cross-section it is clearly shown the part of the Apennines orogen, the foreland re-
sults slightly or not deformed, in the external part of the chain there are reverse faults
and thrusts involving the magnetic basement and the sedimentary cover otherwise the
internal part shows uplift and extensional tectonics. Finally it is remarked the pres-
ence of some local high in the Adriatic sea and in the Puglia foreland associated to
transpressive stage acted since middle-late Miocene.
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Figure 3.4: Map of magnetic basement from (201)
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Figure 3.5: Map of gravimetric basement from (201)
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At least, Tesaruro M. in 2009, gave an important contribution developing an Eu-
ropean crustal model. This work is based on seismic data coming from national deep
seismic survey (e.i. CROP and DSS (Deep Seismic Sound) for Italy), and proposes a
three crustal levels (two crystalline layers and one upper sedimentary cover) where each
level keeps a Vp mean value. The data were interpolated with Kriging technique in a
15’x15’ spaced grid. The result for the Italy area is considered as the starting point,
the model must be improved, inserting new data, improving the resolution.
Figure 3.6: Depth to basement (km) from (190), the number are the references to the
used data, see (190)
An important aspect widely studied in recent decades, and which consequently
has resulted in relapse in the reconstruction of the Variscan basement is certainly a
structural style that led to current building of the Apennines. On the one hand, the
thick-skinned is related to tectonic structures of the deepest part of the cover, which is
also affected by deformation of its basement, the thin-skinned tectonic other coverage is
related on the other hand to the overlying layer that has a lot more plastic deformation
with faults and folds-coatings.
Bally in 1986 (9), shows that the magnetic data and models suggested that the
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magnetic Paleozoic (or Precambrian) basement is not involved in the structures of the
Umbria-Marche Appennines, then they identify the main de´collement level at about 5
km depth under the Adriatic sea and reaches 15 km depth in Perugia area, the Ancona-
Anzio line represents only the frontal overthrust of the Umbria-Marche arc (Terminillo-
Sibillini) which dips toward the north to depth of about 14 km in the upper Tiberina
valley, in other words it is a lateral-ramp and finally in the longitudinal cross-section
they estimate the shortening in the Sibillini thrust in order of 50 km, in Fossombrone
area, and in order of 120 km in the Sibillini area, this increase shortening toward south
is also tied to the development of foreland “duplex” as Roccafinademo or Montagna
dei fiori structure.
In 2002 Tozer et alii (194), presented a work based on a comparison between thin
and thick skinned thrust tectonic models in the central Apennines. In a line located
across Lazio-Abruzzi traditionally interpreted with a thin-skinned thrust model with a
very large amount of crustal shortening (about 172 km in 173 km long), these authors
reviewed the line using thick-skinned thrust model. The restoration in this case is
lower, around 37 km on 158 km long, implying for example the reactivation of the
pre-existing extensional faults. The evaluation of the thrust fault movement allowed
to calculate the shortening rate for the two models, these are < 6 mm yr−1 for the
thick-skinned and over 24 mm yr−1 for the equivalent thin-skinned that seems to be
too much greater than the shortening rate of the other thrust belts. Butler et alii in
2004, (36), studied the later evident variations in structural style in the Apennines
thrust belt. In their opinion the Marche structures are explained in term of inversion,
the section may be balanced with the basement involvement owing to the reactivation
of pre-existing extensional faults and still honor the available seismic, well and crop
data. In these sections 8,5 km shortening is just required, with a rate of shortening
estimated in 1, 5 mm yr−1. On the other hand the well data in the southern Apennines
demonstrate a thin-skinned thrusting producing 57 km of horizontal displacement since
the earliest Pliocene. A same behavior for the allochtonous units of the Molise area
(shallow water carbonates and pelagic units) accommodates about 45 km displacement
since the earliest Pliocene, whereas the underlying carbonates of the Apulian platform,
restored using only 5 km of shortening, shows a thick-skinned tectonic affinity.
Scrocca et al. 2005, (182), point the attention to the tectonic style of the southern
Apennines, they proposed all the two models for this sector. On the base of the CROP
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Figure 3.7: Cross-sections illustrating two different interpretations of the same data from
a hypothetical carbonate ridge flanked by flysch. In (a) uplift and folding have resulted
from thin-skinned thrusting and duplication of the stratigraphy at depth. In contrast,
uplift in interpretation in (b) is due to reactivation of a pre-existing extensional fault that
originally hosted an increased thickness of sediment. Note that the shortening in (b) is
almost four times less compared to (a), see (194)
45
3.4 Building synthetic surface geological map
04 seismic profile reinterpretation intersecting the southern part of the Apennines belt,
they bounded the section at 15 km depth in a geodynamic context characterized by
the eastward roll-back of the westward Apulo-Adriatic lithosphere. Their thick-skinned
model (Apulian basement involved) necessarily requires a transition from thin to thick
skinned tectonic style, because the available data indicate the thin-skinned deformation
during the early Miocene to Pliocene in the allochtonous units (Appenines carbonates
platform and Lagonegro-Molise basin); that happened in the early pre-Pliocene through
a crustal down-section propagation of the main detachment that would have resulted a
shortening of 20 km at the level of the Apulian platform. Even if this aspect it is not in
accordant with vitrinite reflectance data that show an unlike maturity of the platform
carbonates, and with the late Pliocene early Pleistocene advance of the nappes. On
the contrary the thin-skinned is more coherent with these data, and produced a total
shortening, at the top of the Apulian platform, of about 90 km.
3.4 Building synthetic surface geological map
According with geodynamic reconstruction proposed in paragraph 3.1 and also with
the geological structural setting in 3.2, in the Italian peninsula area,it was elaborated
a geological surface map in a correct scale for a national area representation and with
a geological body subdivision that is easily correlated with the litho-stratigraphyc data
coming from BDNG logs. In order to reclassify the legend related to the ISPRA
1:1.000.000 scale geological map, a simplified crustal model was proposed (195) for
the fold and thrust belt like Alps and Apennines chains, it provides a Hercynic crys-
talline basement, i.e. a complex of sedimentary rocks deformed in Paleozoic age, meta-
morphosed and involved in magmatic process related with the old orogenic events; a
integument, representing the stratigraphic layer overlaps the Variscan basement, made
by two sedimentary cycles related to clastic permo-carboniferous deposits lie uncon-
formably with the first and to middle and upper triassic the second probably both
representing the dismantling of the Variscan chain. Stratigraphically in the top posi-
tion stands the Mesozoic-Cenozoic sedimentary cover made by marine sediments, firstly
with evaporitic-carbonate sequences, afterwords carbonatico-siliceous-marly-clay and
at last siliciclastic in flysch facies.
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As mentioned in chapther 2 the work to produce the geological base map, started
from the study of the Tuscan region geological map (32) (1:250.000), where it is pos-
sible to identify the main structural elements of the northern Apennines chain, in this
context some wide but discontinuous outcrops are present. This map contains the ma-
jor constraints for the reconstruction of the base because in Tuscany there are many
outcrops of rocks of the basement lithologies or closely related to it. Unfortunately
a geological map with this details level (scale) can’t be compared to a national lower
scale, where the little geologic body would be too little to have an importance at the
representation scale. The hypothesized solution merges the Tuscan geological 1:250.000
map into one at national scale (as (2) or (111)) presents some problems, both geological
and technical, closely related, because the geological unification necessary for a little
scale of representation is different, logically, for a larger-scale representation, this de-
termines that the polygons representing the lithologies or stratigraphic formation have
not the same shape, so at the border between the two different scale geological maps
(the boundaries of the geologic bodies) do not match with each other.
The ISPRA geological map (111) is an homogeneous product for the whole Italian
territory, at an appropriate scale for the project target and with a complete an detailed
legend that is also easily correlated with the underground data coming from well logs
stratigraphy acquired. In the ISPRA map the lithologic bodies are divided in to:
• Sedimentary rocks
• Volcanic rocks
• Plutonic rocks
• Metamorphic rocks
In the sedimentary group there are some further subdivisions on the base of the de-
posit typology and their relationship with the orogenic evolution of the chain, so they
represent:
• Marine and continental late and post-orogenic alpine and plio-quaternary conti-
nental deposits
• Sin-orogenic deposits
47
3.4 Building synthetic surface geological map
• Pre-orogenic or not involved in orogen deposits
Also the Volcanic rocks are grouped by context geodynamics, as follows:
• Volcanism related to alpine orogen and to the tyrrhenian basin opening
• Continental intraplate vulcanism
• Volcanism related to the distension of the tethys
• Variscan orogenic volcanism
• Pre-hercynian orogenic volcanism
There are two kinds of Plutonic rocks, one belonging to alpine cycle and one to her-
cynian and triassic cycles. In the end also the Metamorphic rocks splited on the base
of the orogenetic cycle, in the alpine cycle separated lithologies with a medium meta-
morphic grade and lower grade, in the Variscan cycle the high, medium and low grade
lithologies, including a group with various grade pre-hercynian rocks.
The geological surface map of the Italian peninsula area is made on the base of
geological reclassification of the geological elements belonging to the group described
above, as follow:
• Post-orogenic cover
• Mesozoic - Tertiary cover
• Integument - Verrucano SL - Permo-Trias
• Variscan Cambrian - lower Carboniferous basement
• Pennidic (Alpine metamorphic rocks, fictitious cover, internal crystalline massif)
for the sedimentary and metamorphic rocks. The magmatic rocks instead are divided
into:
• Tertiary volcanites
• Tertiary plutonites
• Late hercynian volcanites
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• Variscan volcanites
In particular into the post-orogenic group we include the Plio-Quaternarian sedi-
mentary rocks, with also the before and after alpine orogen sedimentary rocks, on the
other hand the platform, ramp and foredeep deposit and all rocks from upper trias
to miocene in age, belong to mesozoic - tertiary. The Verrucano SL middle to lower
triassic complex with permian sediment, representing the before alpine orogenetic sed-
iments are now classified “Integument”, the Variscan basement is formed by various
grade metamorphic rocks and deformed sedimentary rocks belonging to Variscan and
orogenetic cycle and before, Fig. 3.8. Afterwords a further rocks complex classification
Figure 3.8: Geological map: reclassified legend
by paleo-geographyc origin was created. The Italic-Dinaric basement, known also as
(Austro-Alpine) was distincted: the Italic-Dinaric allochthonous basement referred to
Massa Unit, the allochthonous basement understood as the one outcrop in Calabrian
and Sicilian regions, a clear European basement, then the cover of basement of the
Massa Unit and the cover of “autoctone” basement, (7, 32, 47, 82, 201). The alpine
pennidic folds were also marked with a their own sign. In the Fig. 3.9 the Tuscan part
of the geologic image elaborated is represented.
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Figure 3.9: Tuscan region - Geological map reclassified
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4Variscan basement top surface
model (Spatial Interpolation)
4.1 Model introduction
Target of this analysis is to build the top of the Variscan basement in the Italian
peninsula area, including, as a boundary, in the north the southern part of the Po
plain, most of the Adriatic sea from Trieste gulf to the Puglia sea region (Otranto
channel) in the eastern side and the surround of the Tyrrhenian coast. First of all the
goal is to create, using automatic procedures, a map representing the top surface of the
Variscan basement depth.
The model is based on some onshore interpreted CROP profile that through the
Italian peninsula, from north to south CROP 3, CROP 11 and CROP 4, and some
other offshore interpreted like M12a, M37 and M6b in the Tyrrhenian sea, M18, M17a,
M17b,M17c, M16, M15, M14 and M13 in the Adriatic sea. Litho-stratigraphic infor-
mation from National Geothermal Database, managed by IGG-CNR, that penetrated
in ancient terrains was used and related to the Variscan basement or to some litho-
startigraphy geologically in contact. To create the final map, and also for all the steps in
the model procedure, only open source software was used. In particular the final raster
map as created with Grass GIS bind R statistic using spgrass6 and gstat libraries. To
create, manage and analyze the dataset and to build the map framework QuantumGIS
software proved high capabilities in order to provide the output map. Some other tools,
as image processing or spreadsheet software were used to measure the values from the
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CROP profiles and to store the obtained data. The project framework started from
base map building including the CROP profile location and CROP shot point (sp) po-
sitioning inside the membership profile. Then for each sp we used interpreted CROP
profile to measure the thickness in time scale of the principal layer and stored into a
spreadsheet. On the base of the first data analysis, geological conceptual model repre-
senting Italy and its surrounds was set up. At this point the data edited were adjusted
according to the geological model provided, and for each geological environment inter-
polated in order to realize Variscan basement top layer in time domain. The depth map
is the results of map-algebra operations carried out by Grass GIS using the produced
time map with velocity map. The map of the velocity represented an important and
soft step of this work, its realization included a careful analysis of some important deep
wells. The model realization is now explained below in each step.
4.2 Base map
In the first step, a GIS project was built, in QuantumGIS, using datum Rome40 and
projection Gauss-Boaga east fuse. In the project some administrative vectorial layers,
i.e. Italy coast line with regional boundary and the most important toponyms were
included, then we proceeded acquiring an original CROP base map, with the most
common GIS procedure, a scanning and georeferencing of the original base map as the
target to digitize the CROP profile was done. The ISMAR institute (CNR) released
data of the sp’s CROP localization in a comma separated value (CSV format), using
the coordinates fields present in each one, and were converted in a geographical file
(SHAPE file); the offshore sp data were in WGS84 datum without any projection in
geographical coordinates so it was necessary a reprojection to the QuantumGIS project
coordinates system. The base map resulted is shown in Fig. 4.1.
4.3 Data acquisition
The next step involves the data acquisition, a fundamental passage because from this
activities a part of the quality of the result depends. There were used three onshore
interpreted CROP profile (CROP 3, CROP11, CROP 4) and eleven offshore interpreted
CROP profile (M12a, M37, M6a, M13, M14, M15, M16, M17a, M17b, M17c, M18).
52
4.3 Data acquisition
Figure 4.1: The base map, are shown the location of the shot point belongs to each
interpreted seismic CROP profile used (CROP seismic interpreted cross-section attached
to ??)
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Each profile was acquired by a scanning process and imported in a GIMP raster graph-
ical open source software to measure the distance between the ground level surface and
the most important seismic stratigraphic facies, or the thickness of the most important
ones. The result values were stored in some database tables. The vertical units, as
indicated in each interpreted CROP profile, match one cm to one second in two way
time (TWT). To build a model of the surface of the top of the Variscan basement,
we acquired the thickness from the ground level (or sea level) to the Z boundary, that
represents the top of the variscan basement according to the Finetti et al. (87) CROP
profile interpretation. At the same time some other important structural levels such
as bottom of Plio Quaternay seismic horizon, the bottom of jurassic seismic layer,
respectively corresponding to the top of the messinian evaporitic and the top of the
Triassic principal dolomites geological layer were measured and stored. These layers
allowed to define a first Italian 3D geologic reconstruction on the base of the assump-
tion remarked below. In the picture 4.2, an example of the measuring the value. In
this activity we considered the measurement error, dependending on the human mea-
surement error and on the line layers thickness. In particular the line thickness varies
from 0,5 to 0,6 millimeter because, if the boundary layer has a pitch the measure of the
thick consequently will increase; some particular and important lines are marked with
a larger thickness to emphasize the geologic contact, the Z line is about 0,9 thickness.
The values measurement was made considering the center of each line, but we can not
consider thus an error of about half line thickness of about at least 0,25 millimeter,
that means about 0,025 second TWT, Fig. 4.2.
4.4 Geological conceptual model
The conceptual model is used in order to understand the running and the internal struc-
tures of one system, it represents concepts, entities and relations between the entities;
the model is an interpretation of the reality. In the earth sciences, geologic modeling
or geomodelling, a new discipline developed with the performance Personal Computer
(PC) increased, giving, in the most of cases, a three dimensional (3D) underground in-
terpretation based on data coming from geologic and/or geophysical observation made
on and below the earth surface. A geomodel is like a numerical three dimensional
geological map where a physical quantity is described in the interest domain. Often
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Figure 4.2: Example of measurement activity
performing a geomodel includes the direct or inverse problem resolution. For direct
problem we mean the process that allows to provide a measure result on the base of
some principles or general model, for each structure is computable only one anomaly
shape that produces itself. The direct problem could be distinct as:
Data = f(Model)
For inverse problem, on the contrary, we mean the solution, through the study and
the shape anomaly measured, the structure that has determined this anomaly. In this
case the anomaly trend could be related to various kinds of structures; we could use
the notation:
Model = f(Data)−1
In our case, the model we built is due to the forward model (direct model), starting
from the measured values in the interpreted CROP profile, knowing the interpolation
laws we were able to reach the Variscan basement map result. It is important also
to underline as the processes regulating the spatial interpolation follow geostatistical
analysis rules, we also assume that the spatial characteristic are constant in the same
calculation area. Knowing the most important interpolation methodology, and in par-
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ticular the used methods, described in the chapter 2.2, Kriging and RST, and being
aware of the range and the spatial distribution of the dataset, the basement map re-
sulted should have been a unique more or less, wavy surface of the whole interpolation
domain. Certainly, on the base of geologic outcrop data and on the underground in-
formation acquired from some well data litho-stratigraphy it is not difficult to image
this surface dipping about toward SE. In the northwestern Tuscan Apennines chain,
there are some important hercyninan basement rocks outcrops, starting from north-
ern part, near La Spezia gulf, outcrop phillytes, quarzites, calcschists, metalimestones,
metarkoses,dolostones, graphitic shales, metavolcanic rocks Cambrian? Devonian in
age representing the inner part of the Massa Unit (119). Some kilometers toward SE,
in the Alpi Apuane area, this old rocks outcrop again, immediately on east direction the
’Autoctono’ metamorfic unit crops out, where a wide basement formations are clearly
visible. In Tuscany have always been mapped some other basement rocks for exam-
ple in Pisani mountains or in Elba island on Capoliveri promontory (92) or in Leoni
Mount, really close to Capalbio village (Grosseto province) where upper Carboniferous
successions are well documented. In these outcrop it is evident how the lower and
middle triassic formation, Verrucano, is firmly folded with Variscan basement (119).
There are also known in the Tuscany geothermal province, near Larderello, Pomarance,
Monterotondo, Sasso Piasano village, many geothermal wells which reach in many cases
phillytes, quarzites, graphitic shales and also gneiss related to Variscan basement at
various depth starting from about 500 m depth to 1000/1500 m depth on the average,
as well as surveys on Mt. Amiata drilled phillites and metasandstone (81). Continuing
to analyze other data it is known the Perugia 2 well stops at about 1500 m depth reach-
ing at least the middle lower triassic terrigenous sequences, as described in the next
paragraph. At least in the Adriatic area studying the most important and deep well, in
Amanda 1 Bis we observe the oldest lower Permian levels from 7105 m (Trokgfel lime-
stone) until 7280 m, in Alessandra 1 the terrigenous lower triassic sequences start at
5277 m depth, in Puglia 1 the permo-triassic sequence begin from 6102 and reach 7060
m at least. The onshore Gargano 1 Dir, presents the passage between lower permian
and pre permian sequence from 4770 m depth to the and of the drill (4850 m). At this
point it is easy to image as for the Adriatic Sea area, a depth greater than 4770 m,
because, as documented in Gargano 1 Dir, at this depth (in the Gargano promontory)
there is a pre-permian lithology, as reported in the master log of the well, while in the
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other parts that boundary is deeper than the remaining known well logs. In addiction
we have to consider the variability thickness of the known Permo Triassic layer, that in-
duces to think the top of the Variscan basement in the foreland area is deeper than 5000
m, so considering the dataset as a unique interpolation area and considering the data
in the preliminary way as expressed above, the result map showed a surface with deep-
ening trend toward east, in fact the ’basement’ is outcropping or is at a shallow depth
in the inner part of Apennines chain (Tuscany) and deepens in external part of the
chain (Perugia 2), to further deepening in the Adriatic foreland area. Maintaining this
model configuration an additional problem added because on some vertical shot points
it is possible to measure more then one basement Z line. The used software doesn’t
allow us to elaborate multivalues points, so that, after this preliminary considerations
it was appropriate to elaborate a geologic schema in order to facilitate the calculation
of the model. In this first approach, the idea was to define a few domains where it is
possible to assume the same tectonic setting and to extend the principal interpolation
parameters, in order to assign each created one the same spatial model. To define
the various domain the main structural criteria known about a general orogen and in
particular the principal known chain sector were used according to (88, 89, 90, 94), as
the CROP seismic interpreted cross section were the dataset taken into account. Five
domains were introduced: from west to east it was defined the Internal part of the
Northern Apennines (ASI), External part of the Northern Apennines (ASE), Internal
part of the Southern Apennines (AMI), a long strip (from north to south) of the Ex-
ternal Apennines (AE) and finally the Avampaese Adriatic area (Avampaese), in Fig.
4.3 the domains boundary was shown.
It is important to underline the procedure used to set the borderline. With the
standard data acquisition process some tectonic Apennines maps were scanned and
georeferenced so as to represent the main basement and deep thrust (87)(Chapter 8,
Fig.17 (89) - Chapter 9, Fig.2 (90)). Choosing these figures favoured the correlation
between the thrust represented in the map and those marked in the interpreted seismic
CROP profiles. In the picture below, Fig. 4.4, it is represented the main thrust obtained
by the literature figures, as said before, and fully digitized border.
The limit between ASI and ASE was defined in the northern Apennines by AP-2
thrust fault, as called by F.I. Finetti et al. (87) in the interpreted CROP 3 profile,
whereas the AP-2G divide ASE from AE, finally the important 5B thrust fault marks
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Figure 4.3: The map of the geologic domains
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Figure 4.4: The map of the geologic domains
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the overlap of the Apennines chain to the foreland. In the southern Apennines the M.
Alpi and Bradanic were considered thrust fault. In this study we also assume a latitude
continuity of this structures, the Bradanic Thrust is related to the northern 5B thrust,
while M. Alpi thrust is connected to AP-2G thrust. The dataset was so divided in 5
tectonic domain, in this way 5 different interpolations are realized one for each zone,
assuming and using the same geologic characteristic and then the same spatial model
for each one. From a geologic point of view a chain structure with three tectonic overlap
scales in the north of the chain and two tectonic scales in the south were created. The
study area could be schematized as drawn below, Fig. 4.5, where a cross-section was
built starting from Elba Island to the Adriatic sea, in correspondence to the CROP03
profile.
Figure 4.5: The schematic geologic cross-section, are shown the domains ant the main
deep thrusts considered. ONA is Outer Northern Apennines. Not in scale
In a first geomodel building it was thought to convert the TWT values for each
vertical (sp) in depth before making the spatial interpolation in all single obtained
dataset. This approach was determinated by the presence of well data log in depth
too. The idea was to integrate the CROP interpreted seismic data with well data logs
where possible, but the time depth conversion at this stage, without a valid velocity
seismic model, would produce a more approximate map so it is necessary to add that
only a very few wells reach interesting paleozoic levels, not significantly improving the
model. Next it was necessary to perform the spatial interpolation related to the time
field, next, studying the most important projected wells (used to calibrate also by the
CROP authors) in the interpreted CROP profile, so a new seismic velocity model was
elaborated. The velocity model is founded on wells data, literature and those from F.I.
Finetti et al. used (cfr. 4.5), (12, 87).
The map of the five interpolated domains, represents the Variscan basement surface
expressed in time domain (TWT), then through a raster GIS analysis, in this specific
case with the map-algebra raster operation, it was possible to pass into depth domain.
At this point the knowledge of the well stratigraphic information was important in
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order to control a correlation between the model and the wells, and finally to complete
the obtained map of the Variscan basement top surface depth,the oucrop areas were
introduced.
4.4.1 Well log stratigraphy
From the BDNG database, see paragraph 2.3.2, a SQL query allowing to select the
wells with some particular stratigraphic layers was performed and then it was possible
to project them into the CROP used profiles, where it was possible. The query was
built by using as condition into the SQL WHERE clause for the field ’nomeunit’ and
’litologia’ the keywords representing lithology, formations or units name related to the
Variscan basement (e.i. Metamorfic basement SL, Boccheggiano Formation,Verrucan
group, garnet-mica schist) or some lithotypes stratigraphically closed (e.i. Burano
Formation, Anidrites and Dolomites). Another clause set concerned the age of the
layer, the ’etarel’ database’s field was used in this query to select the wells that achieved
Triassic, Permian, Carboniferous or older layer. The output dataset is shown in Fig.
4.6 and in table Tab. 4.1 below.
Analyzing the wells list the attention is to some of these located in the foreland
area such as Amanda 1 bis, Villaverla 1, Gargano 1 dir, Foresta Umbra 1, Puglia 1 and
Battuda 1, see also Fig. 4.7. Here a few details about the levels reached are presented.
Amanda 1 bis
The Amanda 1 bis is one of the deepest well in Italy, it is located in the Adriatic
sea in the middle of Trieste gulf. The well, drilled by Agip, is 7281 m deep (below
sea level rotary table excluded), it goes through the Plio-Pleistocene sediments as far
as 1224 m depth with Asti sands formation and Santerno formation. From 1224 m
to 1752 m depth the Gallare marls and Scaglia formations are present then the hole
passes the Jurassic-Cretaceus sediments. The Triassic succession starts from 4022 m
(Caprizzi limestone formation) to 6719 (Monte Spitz limestone). At least the Permian
layers with Bellerophon limestones, Tarvisio breccias and Trogkofel limestone as far as
end of the drilling (84).
Villaverla 1
Villaverla 1 was drilled in the 1977 by Agip in Vicenza province, inside the Vicenza
license. After 40 m of Quaternary alluvional deposit it goes through the Oligocene
first including the basalts and basaltic tuffs then Castelgomberto calcareous sandstone
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Figure 4.6: Deep wells localization
62
4.4 Geological conceptual model
Figure 4.7: Avampaese deep wells
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and Sangoni sandstone formation. From 815 m depth under the ground level to 1620
m, an 805 m thick Eocene Jurassic sedimentary sequence included Scaglia, Chiusole,
Besagno formation in the upper part and Jurassic Cretaceous carbonate multilayer in
the lower. After that a thick Triassic series including dolomite,effusive rocks, Monte
Spitz limestones and Livinallongo formation finish at 4131 m. The anisian is represented
by the Recoaro limestone formation and the Werfenian by the Werfen formation. At
4205 m an unconformity marks the passage to the pre Permian rocks, quarzitic phyllites
were recognized.
Gargano 1 dir
Conoco spa drilled Gargano 1 dir in april 1982, it is placed in puglia region, exactly
in the gargano area, reaching 4853 m depth. Pleistocene (Calabrian) and Miocene
(Tortonian) are at 289m depth, then a thick Jurassic sequence is recognized first to
pass to upper Triassic series including principal dolomite formation and anhydrites
(Burano formation) at 4375 m under ground level. Then it presents 167 m thick of
Ladinic alternation of dolomite and conglomerates. An unconformity sign the passage
to Permian terrains including siltites, dolomites and limestone and conglomerate with
basaltic andesite. From 4770 in underground level starts a slightly metamorphosed
shales, hard micaceous, silty probably related to the prepermian rocks.
Foresta Umbra 1
Foresta Umbra1 was drilled in the Gargano promontory and is very close to Gargano
1 dir, only 25 km far. Drilled by Agip, it finishes at 5912 m under ground level. As
far as 3291 m the hole has a dolomitic complex, then it involves an evaporitic series
composed by anhydrites, see 4.8 and dolomite thin layers reaching 5093 m. The well,
passes a dolomite formation to the bottom.
Puglia 1
The Puglia 1 well was drilled in the northern part of Minervine’s Murge license. It
is represented by limestone (to 910 m) and prevailing dolomites to 6112 m depth. From
this level to the bottom of the well (7060 m) there is a clastic continental succession
composed by sandstone and siltstone with a marine clastic-carbonate episode from 6243
m to 6330 m. While the first limestone part to 910 m is related to Cupello limestone
aged between Cenomanian and Neocomian. The dolomitic succession (910 m 6112 m)
belongs to about 3800 m to Ugento dolomites formation aged between Neocomian and
Lias and then to the anhydrites of Burano formation, Retic Norian. The underlying
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Figure 4.8: A core slice from Foresta Umbra 1 wells, anhydrites from 4233
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clastic are related to the Scitic stage until middle and upper Permian. No formational
assignment were possible to do to these sediments because they are too much far from
the same outcropping facies in the Sudalpine easter center or in the western Yugoslavia,
Albania and Greece.
Battuda 1
Battuda 1 is an onshore well located in Pavia province (Po plain) in the Gaggiano
license and was drilled by Agip. The first perforated level is composed by quaternary
sand, clays and small gravel 1544 m thick, then the Pliocene sediments reaching 3057 m
depth. Oligocene Miocene marl and chalk start from 3057 m and finish at 4290 m. The
Eocene Cretaceous carbonate multilayer is only about 204 m thick, following a 57 m
Jurassic dolomites layer. Then the hole goes through the Triassic dolomites, limestone
and marls for 338 m, and from 4889 m depth the lower Triassic succession start and
from 4952 there are tuffs, clays and rhyolites Permian in age. The last layer starts from
5399 to the end of the hole (5428 m) and includes micaschists (29 m thickness) could
be interpreted as metamorphic basement.
Some other important wells are located in the Apennines chain, see Fig. 4.9, here
is a short description of Perugia 2, Pontremoli 1, where we can recognize variscan
basement lithology in the lower layers.
Perugia 2
In 1960, near Perugia, Perugia 2 well was drilled by Agip, it reached 1504 m depth.
This well was perfored on a monocline of Monte Malbe, so it passes through the an-
hydrites dolomites formation to 1259 m under ground level and then through a meta-
morphic rocks strictly related to the Tuscan Verrucano group middle upper Triassic in
age. A new interpretation hypothesis of the lower level of Perugia 2 hole was done now
thanks to a thin section photos revision. The photos shows the change from a clastic
detritic lithotype, Fig. 4.10 to a layered micaceous schist, Fig. 4.11 and 4.12. It is
evident how in the first photo only one shistosity surface is clearly visible while in the
second three surfaces are well represented. Starting from 1419 it is so possible to believe
the existence of the passage to deformed sediment belonging to variscan basement.
Pontremoli 1
In 1971 Agip drilled the Pontremoli 1 well near the Pontremoli village, located in
Massa Carrara province, Northern Tuscany. It is 3520 m depth. From the ground level
to 1248 m depth there are clays and limestone Oligocene in age and then a part of a
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Figure 4.9: Onshore deep wells
67
4.4 Geological conceptual model
Figure 4.10: A clastic detritic thin section of a sample taken from Perugia 2 well at about
1400 m depth. Correlated with quarzitic formation of the Verrucano group. With the red
mark the S1 cleavage deformation - Thin section by courtesy G. Gianelli (CNR - IIRG),
1980
Figure 4.11: A layered micaceous schist thin section from Perugia 2 at about 1447 m
depth. Are clearly recognizable the S1 and S2 schistosity plane, the S1 (light red line) is
present in the microlithons and is trasposed by S2 foliation (red line). With the dashed
yellow line is marked the crenulation S3 - Thin section by courtesy G. Gianelli (CNR -
IIRG), 1980
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Figure 4.12: A more layered micaceous schist thin section from Perugia 2 at about 1447
m depth. Also in this case are evident 3 plane of schistosity, the relicts S1 (light red line)
in the microlithons, separated by the main S2 foliation (red line) and finally the structure
is crenulated by the S3 (dashed yellow line) - Thin section by courtesy G. Gianelli (CNR
- IIRG), 1980
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typical Tuscan series including the upper flysh formation, Macigno, “varicolori” schist,
Maiolica formation and the Jurassic jasper (Diaspri), it is present a tectonic unconfor-
mity to pass in the Pietraforte Alberese formation (Cretaceous Eocene) 544 m thick.
From 1792 m to 2568 m depth the macigno formation was found for the second time,
with subsequently Pseudoverrucano formation Cretaceous eocene in age. Under this
formation about 87 m of schist thick probably attributable to upper Carboniferous age
is recognized. In the last 500 m of the well from the top to the bottom there is the
Burano formation, 2955 to 3011, then a little layer of the Pseudverrucano formation,
only 18 m, one more layer of upper Triassic Burano formation to complete the well
with 461 m thick of lower Carboniferous schists to 3520 m depth. These last schists,
as in evidence in the Fig. 4.14 thin section, display an evident schistosity and clear
garnet porphyroclasts. The mineral association can not permit estabilish the meta-
morphic grade of this sample, however litologically can be identified as garnatiferous
micaschist/paragneiss. This rock have been compared with the micaschists and gneiss
cored in Larderello, (157). In my interpretation this carboniferous layer represents the
Figure 4.13: A micaschist/paragneiss sample from Pontremoli 1 well, from 3422 mm
depth. a) Nx pic representing a micaceous part with two deformation, the relict S1 bounded
by S2. b) Nα pic, same sample
Variscan basement of the Massa Unit, cropping out in the northwestern part of the
Tuscan region.
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Figure 4.14: A micaschist sample from Pontremoli 1 well, from 3520 mm depth. a) Nx
pic representing a garnet, about 4,8 mm in length. b) Nα pic, same sample
4.5 Velocity models
The seismic method identifies the reflecting surfaces indicating a change acoustic impedance
(seismic velocity for density). The identified seismic facies, therefore, does not neces-
sarily correspond to geological formations. The identification of seismic-stratigraphic
units on a seismic section exclusively on the variation of elastic parameters of the layer
is based and therefore does not necessarily imply seismic corresponds a very clear and
distinct litho-stratigraphic units uniquely to each unit. A variation of porosity or a
small percentage change in gas content within the fluid saturation, for example, can
produce seismic reflectors, although it remains within the same, lithologically homo-
geneous formation. On the other hand, a variation of chrono-stratigraphic based on
paleontological evidence, may not have any significant change in acoustic impedance
and therefore is totally trasparent to seismic energy transfer.
The interpreted seismic profile returns an image of the subsoil with the vertical scale
in terms of double time (two-way time), it represents the total time taken to reach a
general wave seismic discontinuity surface and to emerge on the surface after reflection.
In general to convert the time-sections in depth-sections you need to use a velocity
field, as the activities described in this section.
In particular, in our case, it is necessary to provide a velocity field for the geological
defined domains, this is because the process how the depth map of the top of the
Variscan basement will be calculated consists in mapalgebra operations. By mapalgebra
in a GIS environment it is possible to make algebra operation between raster maps, in
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particular we are going to obtain the depth map of the basement from the time map
multiplied by the velocity map. While the map of time is interpolated with the methods
described in 4.6, basing on certain assumption velocity map was derived. To obtain the
velocity map data from some deep wells and from the corresponding verticals in the
interpreted CROP profiles were used. Indeed, it was decided to create some velocity
maps, in each of them a different method was used to get the velocity on the verticals
then a series of depth maps were to assess necessary the velocity fields returned a depth
map that could best be valued in comparison with the available data.
With these assumptions, some wells, from BDNG (National Geothermal Database),
were used for the evaluation of the verticals velocity. As can be seen from Tab. 4.1,
every well shows the geological domain of belonging the name of t he CROP profile on
which it is projected and the reached surface of the last level completely drilled.
Each one of the wells listed in the table is accompanied by master and litho-
stratigraphic information 4.2. The master data allow us to get some usefull information,
like administrative constrains, the company that drilled the hole, the depth reached,
the altitude and the coordinates. With this data it was possible to put the wells into a
map using QGIS software. The litho-stratigraphic data were then analyzed and com-
pared with data from the CROP Project, there was made a correlation to merge the
lithologies or formations from wells to the sismofacies identified in the various profiles
CROP.
In Tab. 4.2 we report the log of the stratigraphic Amanda 1 bis well located in the
Gulf of Trieste, as it is extracted through queries from BDNG.
From the literature some speed tables relating to the facies found in the CROP
profiles and wells shown in Tab. 4.1 were acquired. From Finetti et al. (87), the
Tab. 4.3 was acquired and used for the Avampaese geologic domain, whereas for the
other domain some other data from scientific were taken into account. Barchi, Minelli
and Pialli (12) for example give the formation seismic velocity for the inner part of
the northern Apennines chain (Tuscan units) and for the outer part of the northern
Apennines (Umbria-Marche units), summarized in Tab. 4.4.
We propose five hypotheses to create the necessary velocity maps:
• Vipo1, is assigned a unique Vp value for the entire area modeled. The CROP
profiles give a value of average speed (with an acceptable accuracy) on the entire
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n Name domain CROP last complete layer reached
3 Acerno 1 app mer int crop4 Bottom Lagonegresi U.
1 Ada 1 avampaese m18 top Upper Trias
15 Alessandra 1 avampaese m17c top Middle-Lower Trias
14 Amada 1 bis avampaese m18 top Middle-Lower Trias
25 Battuda 1 out top Carboniferous
2 Cappelle 1 app est crop11 bottom Lower Pliocene
16 Cesano 6 app sett est crop11 top Upper Trias
20 Edgar 2 avampaese m17c top Lower Lias
17 Edmond 1 ter avampaese m17c top Upper Trias
22 Enigma 1 avampaese m15 top Upper Eocene
24 Ernesto 1 dir avampaese top Upper Trias
6 Foresta umbra 1 avampaese m13 top Lower Trias
7 Gargano 1 dir avampaese m13 top Upper Trias
13 Katia 1 avampaese m14 bottom Upper Eocene
19 Massa 2 app sett int crop3 top Lower Trias
10 Matilde 1 app sett int m37 top Upper Trias
M.Civitello1 app est crop3 top Upper Trias
11 Paglia 1 app sett int crop3 top Lower Trias
12 Perugia 2 app sett est crop3 top Upper Trias
21 Pieve Santo Stefano 1 app sett est crop3 top Jurassic
4 Poggioragone 1 app est crop11 top Upper Eocene
5 Pontetetto app sett int top Middle Trias
9 Pontremoli 1 app sett int top Middle Trias
18 Puglia 1 avampaese crop4 top Middle-Lower Trias Permian
23 Spinello mare 1 avampaese m15 top Upper Lias
8 Villaverla out bottom Lower Trias
Table 4.1: Used wells, geologic domain membership, CROP profile on which the well is
projected, last complete layer reached
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daprof aprof nomeunita1 etarel a
0 27 mare
27,00 505,37 Sabbie di Asti Pleistocene
505,37 797,37 Sabbie di Asti Pleistocene
797,37 1093,37 Santerno Lower Pliocene
1093,37 1224,37 Sabbie di Eraclea Lower Pliocene
1224,37 1752,37 Marne di Gallare Middle Eocene Upper Eocene
1752,37 1872,37 Scaglia Paleocene Lower Eocene
1872,37 2615,37 Calcare di Soccher Barremian Maastrichtian
2615,37 2859,37 Maiolica Upper Titonian Barremian
2859,37 2958,37 Calcare di Soccher Kimmerigian Lower Titonic
2958,37 3334,37 Lias Malm
3334,37 4022,37 Calcari oolitici di Stolaz Lias
4022,37 4825,37 Calcare di Caprizzi (Dolomia
di Forni)
Norian Rhaetian
4825,37 5315,37 Dolomia Principale Norian Rhaetian
5315,37 5592,37 Gruppo del Raibl Carnian
5592,37 5790,37 Porfiriti di Rio Freddo Upper La-
dinian
5790,37 6060,37 Arenarie tufacee del Monte
Rigoladis
Upper La-
dinian
6060,37 6719,37 Calcare di Monte Spitz Scitic Ladinian
6719,37 6815,37 Calcari a Bellerophon Upper Permian
6815,37 7045,37 Calcari a Bellerophon Lower Permian Middle Per-
mian
7045,37 7105,37 Brecce di Tarvisio Lower Permian
7105,37 7280,37 Calcare del Trogkofel Lower Permian
Table 4.2: Litho-stratigraphic information of the Amanda 1 bis well, in Trieste gulf
located
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Adriatic Sea 1500
Quaternary and Upper Pliocene 2000
Lower Pliocene 2300
Miocene to Upper Eocene 3300
Lower Eocene and Cretaceous 5000
Jurassic 5400
dolomia principale 6300
Permo-Triassic evaporite 6000
Permian and pre-evaporite Triassic 5500
Upper Crust 6000
Lower Crust 7000
Upper Mantle 8000
Table 4.3: This is the velocity table proposed by (87) for the Adriatic sea. We used these
values for the Avamapese domain
Tuscany Umbria-Marches
Pleistocene 2500
Miocene-Pliocene 2300 Pliocene 2500
Ligurides 3000 Miocene 4000
Macigno FM 3900 Oligo-Miocene 4000
Carbonate multilayer 5500 Carbonate multilayer 5500
Evaporites 6300 Evaporites 6100
Basement 4800 Basement 5000,00
Upper Crust 5800 Upper Crust 5800
Lower Crust 6500 Lower Crust 6500
Table 4.4: This is the velocity table proposed by (12) for the northern Apennines chain.
We used these values for the AE, ASI, ASE domains
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crustal thickness. In order to obtain a value for the thickness of the crust to the
basement we used the method of weighing velocity between the rock layers.
• Vipo2, in this case it is taken into account the depth of the last complete geologic
layer in a well, and it is added to it the thickness of the missing levels to the
basement got from CROP data. This value is divided by the time the crop
obtained from the data on the depth of the basement.
• Vipo6, the Vp velocity value for each vertical is calculated only using CROP data,
by using weighted velocity in this way:
Vw =
∑
j Vj∆tj∑
j ∆tj
where Vw is the weighted velocity, Vj is the velocity of the j interval and tj is the
travel time of the jth layer.
• Vipo7, is a value obtained using both well data and seismic from CROP data,
we consider the mean calculated velocity of the known well layer considering the
depth to the last complete geologic level divided for the time to reach this level
from the CROP data, then we take into account the velocity value used in the
CROP project for that seismic facies, with these two values we calculate the Vw
• Vipo8, in this hypothesis we use the Vrms velocity, it means root mean velocity
weighted through the all interval velocity, and it is defined in that way:
Vrms =
√∑
j Vj
2∆tj∑
j ∆tj
where Vrms is the root mean squared velocity, Vj is the velocity of the j interval
and tj is the travel time of the j
th layer.
By way of example is now described how to obtain the velocity values, according
to the assumptions described above for one well. Considering the well Amanda 1 bis,
presented in Tab. 4.2, and velocity values of seismic facies of the Tab. 4.3, we show in
Tab. 4.5 the vertical on the CROP 18 seismic profile where the well Amanda 1 bis is
projected.
To calculate the value Vipo2 for the vertical at the Amanda 1 bis well projected on
the profile CROP 18 the procedure made is:
last level completely drilled depth = 5592 m depth (Raibl group - Carnian)
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amanda-1bis velocity time time thickness depth
from crop m/s twt one way m m
Adriatic sea 1500 0,15 0,075 112,5 112,5
Upper Pleistocene 2000 0,63 0,315 630 742,5
Lower Pliocene 2300 0,46 0,23 529 1271,5
Upper Eocene 3300 0,44 0,22 726 1997,5
Cretaceous/Middle Jurassic 5000 0,47 0,235 1175 3172,5
Lower Jurassic 5400 0,25 0,125 675 3847,5
Dolomia principale 6300 0,5 0,25 1575 5422,5
Permian and pre-evaporite Triassic 5500 1,05 0,525 2887,5 8310
tot. Time 3,95 1,975
Table 4.5: In the table are shown the seismo-facies time intervals, the thicknessand depth
of each layer
lower and middle triassic, permian layers calculated from CROP 18 data = 2887,5
m thickness
total basement depth = 8479 m depth
mean velocity on this vertical, taking into account CROP 18 data (1,975 second -
one time) = 4294 m/s
The obtained thickness from CROP project data are comparable with some data
found in literature regarding the Variscan basement in the Carnic Alps, (29, 187, 188,
207), where the authors described thickness of Permian and Carboniferous levels rang-
ing from about 650 - 1900. In,(29, 187), there are also descriptions of the middle and
lower levels of the Trias variable between 1200 m and 2440m. In the eastern sector of
the Alps, we can estimate the thickness of the Carboniferous, Permian, and sometimes
the middle and lower variable triassic between 1900 and 3000 m, entirely similar to
those values estimated from the CROP.
The Vipo6, using the formula:
Vw =
∑
j Vj∆tj∑
j ∆tj
is calculated, using only the data from CROP 18 profile. It result = 4207 m/s
The Vipo7 takes into account both the well litho-startigraphic data and the corre-
sponding data on the vertical in the seismic profile:
last level completely drilled depth = 5592 m depth (Raibl group - Carnian)
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lower and middle triassic, permian layers calculated from CROP 18 data = 2887,5
m thickness
total basement depth = 8479 m depth
weighted velocity, calculated with:
Vw =
∑
j Vj∆pj∑
j ∆pj
where we consider two layers, one from well data and one from seismic data,
weighted on the thickness (pj means layer percentage), as example the map in Fig.
4.17, show the result for the considered wells.
The Vipo8 using the formula:
Vrms =
√∑
j Vj
2∆tj∑
j ∆tj
is calculated, using only the data from CROP 18 profile. It results = 4520 m/s
With exception Vipo1, assigned to all five geological domains identified, for the re-
maining four hypotheses we calculated the values of the speeds in the various hypothe-
ses, then the values obtained were averaged and within geological domains, in the Tab.
4.6 you can see the resulting values for each hypothesis in each domain.
v ipo1 v ipo2 v ipo6 v ipo7 v ipo8
Avampaese 5300 4377 4514 4877 4787
AE 5300 4000 4468 3591 4577
AM 5300 3800 5314 4291 5317
ASI ASE 5300 5060 4640 4367 4786
Table 4.6: Velocity table, values assigned for each geological domain
In conclusion, five velocity maps covering the whole area studied were created,
shown in Fig. 4.15, 4.16, 4.17, 4.18, all of which will be used in map algebra operations,
described in the next section 4.6, to obtain the depth maps of the top of the Variscan
basement.
Alternatively, in the foreland domain, we used the Voronoi algorithm, (154), to
obtain the discrete polygons, calculated starting from the points representing the loca-
tions of the deep wells, Fig. 4.19, and assigned to the velocity values calculated with the
four proposed hypotheses. These operations were performed using GRASS GIS, that
have a native module to create the Voronoi polygon. Again, always with the exception
of Vipo1, the four different velocity maps, according to each four velocity calculation
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Figure 4.15: The map represents the verticals velocity calculated with hypothesis 2
methods
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Figure 4.16: The map represents the verticals velocity calculated with hypothesis 6
methods
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Figure 4.17: The map represents the verticals velocity calculated with hypothesis 7
methods
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Figure 4.18: The map represents the verticals velocity calculated with hypothesis 8
methods
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Figure 4.19: The resulting Voronoi polygon for the Avampaese domain are shown
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hypotesis, to calculate the maps of the depth of the top of the Variscan basement with
the method of map-algebra, 4.7, were built and used.
4.6 Building model (RST - Kriging)
The building model was implemented in the time domain (TWT) in each tectonic
domains by using the created datasets, as described in 4.2, 4.3, and two interpolation
algorithms, the Kriging and RST (see 2.2.1 and 2.2.2). The meaning of interpolation is
related to some methods, as deterministic and stochastic, allow to estimate any spatial
variable, where it is not measured. A distributed information starting from data point
is a complex operation to get strictly related to the interpolator algorithm. In this work
two different kinds of algorthm were used:
1. UK - Universal Kriging (stochastic method)
2. RST Regolarized Spline with Tension (deterministic method)
The UK provides the best reliable results, even if we need a more complex analysis,
when data present a well defined spatial trend. In this study the RST interpolator was
used when the dataset presented a very low number of data as well as inhomogeneous
spatial distribution. In the table below 4.7 a method against the tectonic domains.
Domains Interpolator
Avampaese UK
AE RST
ASE RST
ASI RST
AMI RST
Table 4.7: Interpolation method
Two principal Open Source software were used to build the time (TWT) map of
the Italian peninsula area: GRASS GIS (www.grass.itc.it) in version 6.4.2 in order to
manage the spatial data and the deterministic interpolation and R (www.r-project.org)
in version 2.13.2, with GSTAT library (Pebesma, 2004a) for geostatistical analysis. Here
the methodology for each one of the two kind interpolators is shown and commented,
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the first one is the UK for the Avampaese domain, and the second one is the RST for AE
domain. The Avampaese was the first studied dataset, resulting the most exhaustive
one, the data have a quite good spatial distribution for the whole area and it is larger
than the others.
4.6.1 The example of the Avampaese domain
Starting from the avampaese dataset correctly imported in GRASS GIS it was saved
into R framework. R statistical software allows us to study the dataset from s statistical
point of view, the main parameters related to descriptive statistics were calculated, and
summarized in tab. 4.8. The variable analyzed is Bas 1, which represents the values
in double time (moltiplied for 10) needed to reach the surface seismic wave Z (top
basement surface) and return to the surface.
Bas 1
Min.: 26.00
1st Qu.: 44.00
Median.: 49.00
Mean.: 49.93
3rd Qu.: 57.00
Max.: 71.00
Table 4.8: Basics statistic for the varible Bas 1. Bas 1 represents the twt (multiplied for
10) to reach the Variscan basement top surface and the return in the surface
Therefore, the data were examined in order to understand whether they belong
to the same population or not, using the graphical histogram classes of frequency or
density curve.
These two charts say that the dataset has a single population, because it has a
principal maximum, it can be said with certainty that the data refer to a single surface.
The next step is the creation of the variogram, see for theory chapter 2.2.2, for
variable Bas 1. It was initially produced a graph automatically calculated by the R
software, once the results were observed the cutoff value, the maximum distance in
which you take the data to be interpolated, and the width, that is the sampling rate
are taken up (lag), were set. The following variogram were calculated using universal
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Figure 4.20: Histogram in frequencies classes of the Bas 1 variable
Figure 4.21: The denisty curve of the Bas 1 variable
86
4.6 Building model (RST - Kriging)
kriging, since the data does not have a constant average value in the space. The Fig.
4.23 shows the variogram, map of the variogram, an oriented variogram, and the best
modelled variogram according to the cross-validation procedure (see in 2.2.2). In Fig.
4.23 - b, is almost immediately say that there is anisotropy in the direction 135 ◦
azimuth. Looking at the map we can see better continuity of dark pink, indicating a
low variance in this direction rather than in the orthogonal direction, it was built a
135 ◦ directional variogram with anisotropy ratio given by the ratio of the range in the
directions 135 ◦ and 45 ◦. In this case, this ratio was estimated in 0.7, Fig. 4.23 - c.
Based on the general performance of the variogram models that are intuitively better
it can be approximated by the spherical or the exponential. The model to be chosen
is one that provides lower errors in the process of cross-validation of kriging. In our
case, the fitting process was carried out both by manual and computer way based on
the values obtained and then the best model was selected. The cross-validation is a
very important part of the work to determine what the best variogram model for our
data set is. In order to decide which model is better now it is necessary to make a
statistical analysis of univariate data estimated by cross-validation, more specifically
on residues. The distributions of the errors are all tight around zero, indicating a
good estimate of the interpolator. Since we get all nearly identical histograms, we pass
to analyze the values of statistical indices such as mean, median, first quartile, third
quartile, minimum and maximum residue, Fig. 4.9. From the results summarized in
Table 4.9: Cross-validation results
model min mean max RMSE MSDR
exp 135 auto -9.80500 0.37830 122.60000 9.248278 1.092437
exp 135 man -74.78000 -0.48590 24.51000 6.320486 0.4856753
sph 135 auto -9.80400 -0.45550 9.87500 2.859889 1.276974
sph 135 man -9.98600 -0.00254 44.56000 4.432564 0.5814316
exp iso auto -9.852000 -0.197900 9.872000 2.771783 1.08375
exp iso man -10.03000 -0.31890 9.59800 2.764005 0.6031878
sph iso auto -9.96800 0.33660 49.65000 5.623555 1.58973
sph iso man -13.33000 0.55530 91.62000 8.566492 2.256105
Tab. 4.9 we can see that the model has the highest accuracy, ie with mean residue
closest to zero is sph 135 man, although all are very close to zero. The precision is
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(a) Variogram (b) Variogram map
(c) Anisotropic variogram with
135◦ azimuth
(d) Varigram with automatic
spherical model
Figure 4.22: Here there are represented some outputs of R software obtained in the
study of the variogram for the variable studied. a) is the variogram originally calculated,
b) shows the map of the variance of the variogram, c) the variogram calculated according
to the direction of anisotropy using a model 135 automatic spherical, d) with the best
variogram model calculated with the cross-validation procedure that is proved to be an
exponential model automatically
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(a) Cross-validation residual
histogram for exponential model
manually fitted
(b) Cross-validation residual
histogram for exponential model
automatically fitted
Figure 4.23: Here there are represented the cross-validation residuals distribution. a)
exponential model manually fitted. b) exponential model automatically fitted
instead determined by the error least squares error (RMSE), then the model is more
accurate that has the lowest RMSE, in our case, exp iso man, since exp iso auto model
also has the smaller range (minimum 9.872 and maximum -9.852), and the average
standard deviation squared (MSDR) closer to 1 it was possible to say that the model
best interpolating the experimental variogram is exp iso auto for Bas 1 variable, ie the
fitted exponential model automatically.
Before making the final calculation, we create a grid of square mesh and spaced
to their region of work and in relation to the step you want to give the result of
interpolation algorithm, so after thoroughly analyzing the data of crossvalidation and
choosing the most appropriate model for the interpolation, we pass to the construction
of the surface through the command Krige R. In particular, you run the universal
kriging:
>UK avampaese=k r i g e ( Bas 1 ˜XCOORD+YCOORD,//
l o c=basamento avampaese , //
newdata=grid avampaese , model=a u t o f i t i s o e x p )
This code is necessary to R to build the map called UK avamapese with krige
module. In brackets a set of parameters are passed to calculation module, such as
the type of kriging (universal, ordinary or other), the dataset on which to perform the
89
4.6 Building model (RST - Kriging)
calculation, the grid for the prediction of the data and the best variogram model chosen
on the based of the cross-validation results.
Once calculated the surface, we export the resulting map, from R into GRASS, and
the relative interpolation error variance map of the interpolation just made.
> writeRAST6 ( UK avampaese , ” UK avampaese ” , z c o l=”var1 . pred ”)
> writeRAST6 ( UK avampaese , ” UK avampaese var ” , z c o l=”var1 . var ”)
(a) Avampaese prediction time map (b) Avampaese variance map
Figure 4.24: The rusulting Universal Kriging map for Avampaese domain. a) The time
map of the variable Bas 1, represent the thickness in TWT in millimeter (mm), where 10
mm = 1 second (s). b) The variance map of the variable Bas 1
The map in Fig. 4.24 - a, basically shows three different trends in the north, in
the south and in the center of this geological domain. To the north mid-Adriatic axis
direction NW SE outlines a progressive increase of TWT to the west whereas a decrease
to east with a minimum in the Gulf of Trieste. In the central area, TWT are quite
high, in fact, there are the higher values, there is a large maximum near the middle of
the profile m-17c. The southern sector south of the Gargano shows a trend of gradual
decrease in TWT to the south, a minimum is present close to the profile CROP04.
As would be expected, basing on the data distribution, with the variance values closer
to 0, and therefore more accurate, they are those predicted by the interpolator closest
CROP profiles, the areas in yellow marked on the map. The south of the map, sky blue
colored, and the NW, where the chromatic scale as shown in the legend reaches the
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maximum values, are the areas with less reliable predictions. Values of variance around
10 are comparable with the measurement error that may have been made during the
data acquisition.
4.6.2 The example of the Outern Apennines
Even a preliminary analysis on the data available for the Outer Apennines domain,
immediately seemed difficult to make an interpolation to this area with the kriging
method, the data available were few and distributed according to the three CROP
profiles that the domain intercepts, therefore, the lack of information among profiles
would not allow a valid fitting of the variogram. Even for this domain, we started
studying the statistical aspects of the dataset, the maximum, minimum, mean, and
values of the 1st and 3th quartile are shown in Tab. 4.10, then the graphs of the
distribution into classes of frequency were created, Fig. 4.25 and the density curve
shown in Fig. 4.26.
Bas 1
Min.: 10.00
1st Qu.: 21.25
Median.: 31.00
Mean.: 31.56
3rd Qu.: 41.00
Max.: 53.00
Table 4.10: Basics statistic for the varible Bas 1. Bas 1 represents the twt (multiplied
for 10) to reach the Variscan basement top surface and the return in the surface
The graph of the distribution in frequency classes clearly shows the presence of
multiple present peaks suggesting the presence of more than one population in the
data set, and that is confirmed by the density curve diagram, since there are two
maxima. The created variogram shows a distribution of highly variable points, and
does not identify a point where the semi-variable stabilizes, as you can see in Fig. 4.27.
In order to map this area the used method RST (regularized splines with tension)
Described in paragraph 2.2.1. In this domain, as in other domains of the peninsular
part of the studied area, we used this method, as kriging, which is based on the study
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Figure 4.25: Histogram in frequencies classes of the Bas 1 variable
Figure 4.26: The denisty curve of the Bas 1 variable
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Figure 4.27: The variogram of the Bas 1 variable
of the variogram, was not usable, since the variogram obtained were not modeled due
to the lack of data.
The map of depth, in double time, for the area of the outer Apennines was obtained
by GRASS GIS, and in particular by using the module r.surf.rst, which is based precisely
on the RST deterministic interpolator.
With these commands in GRASS, a map of TWT time was created, Fig. 4.28, and
the cross-validation was made. As I mentioned before is not possible to obtain the
error associated map with this method, however, we are able to analyze the result of
cross-validation through the second command:
> v . s u r f . r s t −−ove rwr i t e input=app est@dottorato 2011 //
e l e v=r s t a p p e s t 1 maskmap=MASK@dottorato 2011 zcolumn=Bas 1 //
t en s i on =60
> v . univar map=cv r s t app e s t i s o 1 HR@dot to ra to 2011 //
type=point column=f l t 1
number o f f e a t u r e s with non NULL a t t r i b u t e : 50
number o f miss ing a t t r i b u t e s : 0
number o f NULL a t t r i b u t e s : 0
minimum : −52.9309
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maximum : 27.1474
range : 80 .0782
mean : −0.359414
mean o f abso lu t e va lue s : 5 .73208
populat ion standard dev i a t i on : 9 .95921
populat ion var iance : 99 .1859
populat ion c o e f f i c i e n t o f v a r i a t i o n : 27 .7095
sample standard dev i a t i on : 10 .0603
sample var i ance : 101 .21
k u r t o s i s : 13 .3322
skewness : −2.46811
Figure 4.28: The map of the TWT in the outer Apennines domain obteined with v.surf.rst
module of GRASS GIS
The map shows a band of low values in central Italy, with its two minimum cor-
responding to the profiles CROP03 and 11. In the same area of central Italy the top
of the basement in two way time seems to deepen to the east, this aspect is related to
the fact that the interpolated points in this domain belong to different structural levels
of the basement. In geostatistical terms this was explained by the frequency in classes
diagram plot, Fig. 4.25 where there were several maximum. Most likely having data to
implement the model in this area, and then split in multiple domains (tectonic throw)
this area, and this would enable to obtain a general west dipping structures and there-
fore also the top surface of the Variscan basement. The northern part of this domain
exhibits a mostly constant trend, mainly due to the absence of data to be interpolated
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in this area. However in the south there was a gradual evolution of the structure with
depth from east to west.
4.6.3 The basement time map
With the RST interpolation method the maps for the remaining continental domains
were obtained, in Fig. 4.29 there are the maps for the ASI (inner northern Apennines)
domain, ASE (outer northern Apennines) domain and AMI (inner southern Apennines)
domain. Some GRASS GIS functions allowed us to join the five maps obtained, this
raster map was reclassified so that you have the same values in different domains and
were associated with the same color in the final map, then the legend was created, see
Fig. 4.29.
The GRASS command r.patch served to join the maps, and the command r.colors
reclassified standardizing the color into the results map, the Fig. 4.30 is the twt time
map of the studied area.
The final map has values ranging between 1 and 73, as noted in the legend, equal to
0.1 - 7.3 seconds (because the variable was interpolated in the various maps in mm, since
the vertical scale of the profiles was to CROP 1 second = 10 mm) in twt. Essentially,
the Tuscan sector shows the lowest time values, with a minimum located in the central
and southern Tuscany. In an easterly direction the structure deepens, especially in the
Adriatic area you have the longest two way time, with a well defined maximum in the
center of the Adriatic Sea. Local low values are found in the Gulf of Trieste, in Puglia,
in the south coast of Campania region and in the center of Italian peninsula.
4.7 From map time to map depth
For Map Algebra is the use of basic operators in sequence in order to solve complex
spatial problems, overlaying raster maps of the same resolution, see the schematic
example in Fig. 4.31 and 4.32, you can get a map results in which each unit (pixels)
was computed according to a certain algebraic operation. The map results can then be
re-classified. Grass GIS through r.mapcalc module allows us to perform map algebra
operations, the TWT map and the velocity maps are combined with each other using
the equation:
Depth map = (TWT map / 2) x velocity map
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(a) Inner northern Apennines time map (b) Outer northern Apennines time map
(c) Inner southern Apennines
Figure 4.29: The resulting RST map. The time map of the variable Bas 1, represent the
thickness in TWT in millimeter (mm), where 10 mm = 1 second (s). a) Inner northern
Apennines time map b) Outer northern Apennines time map c) Inner southern Apennines
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Figure 4.30: The final map of the TWT depth for the whole area. This surface represent
the top of the Variscan basement in the time domain
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(a) Raster map overlaying (b)
Ver-
tical
cells
cal-
cula-
tion
Figure 4.31: Schematic example of overlapping raster maps. a) Overlaying b) Vertical
cells involvement
Figure 4.32: An example of raster map calculation, in this case the difference between
the rainfall99 and rainfall 98 is calculated
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The TWT map, described in paragraph 4.6.3, with the velocity maps, created
firstly calculated by averaging the calculated velocities in the verticals in each geological
domains, and then using the Voronoi algorithm to define a discrete surrounding to
assign the velocity obtained on the verticals, was calculated, so it could be possibly to
get, based on 5 assumptions for the calculation of the vertical velocity considered, nine
different depth maps of the top of the Variscan basement, in the following Fig. 4.33,
4.34, 4.36, 4.38, 4.40, 4.35, 4.37, 4.39, 4.41, the results are shown.
Figure 4.33: The top of the Variscan basement calculated considering V ipo1
Basically the created maps are similar in structure and quite comparable, the main
difference occurs in the Avampaese domain, where the use of the Voronoi polygons
determines a less continuous in the depth values than the procedure that uses the mean
values, in fact, important changes in the depth of the top of the basement at the edge
of the Voronoi polygons (the limit where the assigned velocity change) are observed.
This map from seismic interpretation is derived, so that the geologic structures are
inevitably linked to it. The main differences among the maps are the depth values as
they are related to the velocity value assigned to geological domains. Analyzing the
maximum values obtained in the various maps, the map bas ipo1, obtained using the
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Figure 4.34: The top of the Variscan basement calculated considering V ipo2
Figure 4.35: The top of the Variscan basement calculated considering V ipo2 and its
spatial distribution into the Avampaese domain according with the Voronoi polygon
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Figure 4.36: The top of the Variscan basement calculated considering V ipo6
Figure 4.37: The top of the Variscan basement calculated considering V ipo6 and its
spatial distribution into the Avampaese domain according with the Voronoi polygon
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Figure 4.38: The top of the Variscan basement calculated considering V ipo7
Figure 4.39: The top of the Variscan basement calculated considering V ipo7 and its
spatial distribution into the Avampaese domain according with the Voronoi polygon
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Figure 4.40: The top of the Variscan basement calculated considering V ipo8
Figure 4.41: The top of the Variscan basement calculated considering V ipo8 and its
spatial distribution into the Avampaese domain according with the Voronoi polygon
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V ipo1, shows higher values of depth, about 19 km. The map named bas ipo6 (and
also bas ipo6 vor, creted with Voronoi polygons in Avampaese domain) shows the lowest
maximum value, 16 km. The remaining three maps have comparable maximum value,
ranging from 16.6 to 17.1 km. The minimum values do not exhibit large oscillations
with all methods of assessment of velocity, in fact, vary from 0.2 to 0.1 km only.
The base maps for the studied area quite clearly show that in the inner Northern
Apennines the surface of interest is found at shallow depth, as compared to further
east areas. Particularly in the inner sector of the Apennines chain the areas where
you see the top of the basement is sub-outcropping, for example, in correspondence of
the transept CROP03, or as a shallow depth in the area of the geothermal fields of
central and southern Tuscany. In the north of Lazio region, in Civitavecchia interior,
there is a significant low value, and then a minimum of the surface. In lower Lazio
and Campania are mainly found high values, near Agropoli, where CROP04 begins,
there is a structural high with nw - se extension, probably due to a geological structure
different from the model immediately to the east. The outer band of the Apennines
Mountains shows a structural high to the north. In particularly in central Italy the
Variscan substratum at shallow depth is observed, then it deepens towards east. In
the southern sector of this belt there is a substantial decrease in depth from west to
east. Finally, the Adriatic region, considering both solutions for the distribution of
velocity values in the domain (mean value and the Voronoi polygons), we obtain a
slight inclination of the surface to the west. There were low values and therefore lower
structural in the center of the Adriatic Sea. A maximum is recognized in the Gulf of
Trieste and in the Apulia hinterland.
4.8 Limitation
At this point it is worth pointing out the aspects limiting the used method. The
result is a map of the depth of the top of the Variscan basement obtained with a semi-
automatic procedure, since the starting dataset used was developed in stages, with
both automatic and manual procedures. The precision and accuracy of the result is
dependent on the interpolation algorithm that was used like this, but mainly, as we
know, an interpolation is based on the data used. The used data belonging to the
CROP Project, although presenting a good sampling rate within each seismic profile,
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about 3-5 km for the analyzed area, longitudinally (north - south direction) are badly
distributed. The distance between the profiles used is much greater than the distance
between the single SP (shot point) for each profile, so the values in areas with no samples
were obtained where obviously the confidence result is less. While the peninsular area
interpolation method used does not return the error map, for the Avampaese domain is
possible to observe the specific performance. As shown in Fig. 4.24 - b, corresponding
to the CROP sections and between the profiles intersections, you get a good confidence
level (yellow color), while, obviously, away from the seismic cross-sections data, the error
increases. The shape of the resulting area more or less reflects the structure assumed
for the Apennines. The difference, in some particular points, from those which are the
observations of the countryside or information from surveys or from geophysics survey,
are the result of choices made in outlining the chain, an example is described in the
previous section, 4.7, on the outer of the chain. Nevertheless we must consider the
effects of both the data acquisition procedure, and then the errors that may have been
committed during the measurements, and aspects related to the study of the speed field
where, for example for hypotheses 2 and 7, the direct subsurface geological data and
the indirect seismic data was calculated, or the used system to spatially distribute the
obtained velocities on the vertical (mean value and Voronoi polygon). Even the well
data related to the contact with the Variscan basement give us limited information and
with a highly irregular spatial distribution. As described in 4.4.1, in the Adriatic, only
the Gargano 1 dir seems to go beyond the bottom of the Permian sediments, while in
the Assunta 1 the presence of a Variscan granite was documented. The wells in the
chain, sometimes reaching the substrate, as Pontremoli 1 or probably the Perugia 2,
or those of the geothermal area mostly concentrated in one area, however, make the
computation complex at small scale.
4.9 Comparison between the experimental results and the
natural geological structures
The last step of this work was to build a summary map manually. Using the geolog-
ical map prepared and described in 3.4, we extracted the geological objects outcrops
belonging to the Variscan basement in outcrop, and the description of their paleogeo-
graphic origin, then it was added to the elaborated map of the depth of the basement.
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The result shows the areas where the Variscan basement outcrops in Italian together
with the depths obtained by the procedure described in this chapter. Finally some
contour line, representing the isobaths of the top of the basement, were then added
with some main Apennines thrusts, see Fig. ?? and ??. The created map, in GIS
environment, can be queried at every point. In fact the map, developed with raster
data model, allows, in addition to have the coordinates information at any point, or
unit cell (pixel), to have the value of the variable (i.e. Bas 1, the depth of the basement)
represented in the space as continuous variable. Considering the map name bas ipo7,
calculated with the velocity map obtained with the hypothesis 7 (well and seismic data
weighed), we obtain, for example, the depth values vary between about 2 km and 3
km for the Geothermal area of Larderello, or about 3 km in Mount Amiata area or
even 6/7 km in the Latium volcanoes area. These values seem overestimated, as evi-
denced by data from geothermal wells, which are connected to the basement lithologies
reached at shallower depths than those obtained. The main cause of this variation is
due to a high speed value assigned to these domains. In the outer of the Apennines
chain there are very few surveys, moreover far from CROP profile to perform a well
projection to calibration the data. It seems that both of the well at Pieve Stefano 1
and Mount Civitello 1 have the velocity on their verticals underestimated, as the map
returns low values. In correspondence of Perugia 2 vertical, which is located on a struc-
tural high, if the basement, as described in 4.4.1, are Variscan phyllites, the velocity is
overestimated, since the values from map is around 4 km. Regarding the Avampaese
domain the results is an overestimation in terms of depth for the northern area, with
depths greater than those of the calculated basement on the vertical wells examined,
and an underestimation for the southern Gargano promontory area. This effect is a
consequence of the fact that the values on each vertical were averaged over the whole
domain area. The velocity values obtained in the wells Gargano 1 dir, Foresta Umbra
1 and Puglia 1, were higher than the domain mean value and still higher than 5000
m/s, since the stratigraphy consists mainly of carbonate compact rocks characterized
by high Vp velocity. To the north of the Gargano values are overestimated, due to
the presence of thick layers of recent sediments (Pliocene and Quaternary), character-
ized by low Vp. The obtained solution with the use of the Voronoi polygons for the
foreland, has, in many cases, a discontinuous pattern of the value of the depth near
the limits of the polygons. In this case, however, in the neighborhood of the wells we
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Figure 4.42: The synthetic Variscan basement map for the Italian area, calculated con-
sidering V ipo7
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Figure 4.43: The synthetic Variscan basement map for the Italian area, calculated con-
sidering V ipo7 and its spatial distribution into the Avampaese domain according with the
Voronoi polygon
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obtain more accurate values and consistent with those obtained during the study of the
velocities field. In conclusion, in the elaborated map, even is produced by a number
of assumptions, related to geological aspects and to calculation processes, the overall
shape shows the regional upper surface of the Variscan basement, thanks to thorough
knowledge of its modeling process, we know the limits, but also the essential ideas of
geological concepts that it represents.
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53D geological model of the
northern area of Larderello
(Tuscany)
Geologists always realized the need to view the world as multidimensional. During the
past two decades, a series of sophisticated three-dimensional modelling technologies
collectively identified as Geoscientific Information Systems (GIS) were developed to
address the need for a precise definition of subsurface conditions (197). Geomodelling
is commonly used for managing natural resources and natural hazards and quantifying
geological processes, with main applications to oil and gas fields, groundwater aquifers
and ore deposits. Modeling consists in the ability of inferring a representation of the
reality even where no data are available. A 3D model is a mathematical representation
of a surface or object that can be made interactive. Models can be rotated, moved and
dissected like real objects.
The goal of this case study consists into a 3D geologic model building starting from
some well data logs in order to characterize the underground geometry, the shape of
the modeled geologic surfaces and to check the consistency of the geological model
developed with the geological map of area used as a reference, (118), finally it was also
possible to evaluate the structural setting and the stratigraphic relationships between
the objects included in the geological model.
For our purpose we used the lito-stratigraphic information coming from Italian
National Geothermal Database together with the software 3D Geomodeller, developed
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by the Australian Intrepid Geophysics and the French BRGM.
5.0.1 3D Geomodeller
The software 3D Geomodeller allows to integrate different kinds of geologic data, as
surface geological map, geology or seismic cross-section and litho-stratigraphic date
comeing from borehole. The software manages geophysics data (as gravimetric or
magnetic grid data) that could be analyzed to calculate forward and inversion modelling
too. The result are vertical and/or horizontal model block slices as well as block diagram
with formations surface or volume. 3DGeomodeller software use implicit surface to
(a) observed equipotential interface points
(b) interpolated points by co-kriging
Figure 5.1: Principle in 2-Dimensions of the geostatistical interpolation using the po-
tential field method. (a) A geological body observed by the locations of its contacts and
dip measurements, the red and blue point represent equipotential interface that will be
interpolated by co-kriging method. (b) The geological body modelled by potential field
method. Interfaces are drawn as isovalues of the interpolated scalar field. Isolines for a 2d
scalar field Isosurfaces for a 3d scalar field, from (38)
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model geology, the implicit surface corresponds to an isovalues of 3D scalar field. All
the 3D point belonging to isovalue follow the relation f(x,y,z)=cost. Modeling is finding
the f function based on data representing the interesting isovalues of the f function.
The major feature of this original interpolation method is that the 3D geological space
is described through a potential field formulation in which geological boundaries are
isopotential surfaces and their dips are represented by the gradients of the potential.
It considers the limits amoung geological bodies as isopotential surfaces. This method
needs the position of the interfaces amoung geological bodies to be known at some
place i.e. the ones given by boreholes, map and sections. It also requires orientation
vectors representing the tangential plane of isopotential surfaces and their polarity, in a
geological language these are azimuths, dips and polarities of the geological structures
commonly measured in the field, (38). The geological interfaces should observed at
a different point on the section, then draw a probable geological interface that agrees
with these data 5.1. In the end it is necessary to define the geological history to manage
interaction amoung all potential fields that represent each serie of formation involved
in the model. Except in some sedimentary cases, a geological body does not present
all over the studied area, it often settles and stops on (Onlap relation) or erodes (Erod
relation) another. These relations are achieved by associating each step of the geological
history to a potential field. Each potential field has a behaviour parameter (Erod or
Onlap) which controls its relation with older geological bodies i.e. potential already
interpolated fields, see Fig. 5.2. Another important stuff is how 3D Geomodeller
Figure 5.2: Multipotential fields allow Onlap and Erod relations between interfaces. (a)
Interpolated formation 1 (basement). Data for potential field of formation 2 in black. (b)
Formation 2 interpolated with Onlap relation. Data for potential field of formation 3 in
light grey. (c) Formation 3 interpolated with Erod relation, from (38)
processes the tectonic fragile elements, as the faults. There are three aspects regarding
modelling of faults: they are modelled as a surface, their continuity in the 3D space,
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and at least the way how they impact with geological surface. Like geological interface,
each faults is determined from its own potential field, defined by fault trace as data
point and fault orientation as gradient. The faults can be modelled as infinte or finite,
and if finite it is important to define the fault extent, because it is rare to have actual
observations defining the tip line of a fault (where no more displacement occurs), the
fault extent is defined by intersection of the potential field isosurface and a sphere (or
an ellipsoid) of a given radius centered on the data defining the fault. A fault network
Figure 5.3: 3D geological modelling methodology, from (38)
is defined as a set of faults fn and a set of fault-fault relations (fi → fj). Taking faults
into account for interpolation geological interfaces is achieved by adding discontinuous
drift functions into the cokriging system, these functions model the shape of the fault.
For example in the case of a finite fault, the value of the associated drift function is
+1 at the centre-point on one side and respectively −1 at the centre on the other
side, the amplitude of the drift function then progressively decreases to 0 on one side,
respectively increases to 0 on the other side, where the influence of the fault vanishes
(37). The 3D geological modelling is built from contact points and orientation data by
using geological rules and knowledge. The potential-field interpolation method delivers
a model defined continuously in 3D. Consequently, the geological formation can be
inferred at any 3D points of the studied space. This capability facilities 1D, 2D and 3D
visualization of the model and export of model maps, surfaces, volumes and meshes, as
schematized in Fig. 5.3.
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5.1 Geological setting
The Northern Apennines is a fold-and-thrust belt originated from the convergence and
collision (Cretaceous-Early Miocene) of the African (Adria microplate) and the Euro-
pean plate, represented by the Sardinia-Corsica Massif, (22, 85). This geodynamic pro-
cess determined the eastward stacking of several tectonic units derived from oceanic and
epicontinental palaeogeographical domains. From top to bottom, they are composed
of: (a) Ligurian and Subligurian Units consisting of remnants of Jurassic oceanic crust
and Cretaceous-Oligocene sedimentary cover involved in multiple thrust sheets; (b)
Tuscan Units including sedimentary (Tuscan Nappe) and metamorphic (Monticiano-
Roccastrada Unit) sequences ranging in age from Palaeozoic to Early Miocene, see
Fig. 5.4. In particular the substratum of the Tuscan metamorphic Unit, was mainly
Figure 5.4: Tectonostratigraphic units in the Larderello geothermal area, reconstructed
on the basis of field and borehole data (not to scale). Symbols: MPQMiocene, Pliocene and
Quaternary sediments; Tuscan Nappe (TN): TN2Early MioceneRhaetian sequence; TN1
Late Triassic evaporites; MonticianoRoccastrada Unit (MRU): MRU3MesozoicPalaeozoic
Group, made up of dolostones and limestones (Late Triassic), quartz metaconglom-
erates, quartzites and phyllites (Verrucano Group, MiddleEarly Triassic), sandstones,
phyllites (Middle Late CarboniferousEarly Permian); MRU2PhylliticQuartzitic Group;
MRU1Paleozoic Micaschist Group; GCGneiss Complex; MR magmatic intrusions, from
(35)
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known in the area drilling geothermal wells, and it lies at depth of 3.5 km. Two
units were recognized and identified (18):the upper Monticiano-Roccastrada Unit and
the lower Gneiss complex. The Monticiano-Roccastrada Unit consists of three meta-
morphic groups, which were affected by Apennines greenschist metamorphism, other-
wise the lower gneiss complex did not record this effects (80). The gneiss complex,
micaschists and phyllites of the Monticiano-Roccastrada Unit are marked by a later
temperature/low-pressure over the previous mineral associations (208). The upper part
of the Monticiano - Roccastrada Unit is represented by the continental silicoclastic se-
quence known as Verrucano group. From the bottom the Tuscan nappe consists of:
an evaporitic horizon (Late Triassic), a carbonate- siliceous succession (early Jurassic -
early Cretaceous) and clayey and turbiditic succession (Cretaceous - early Miocene). In
the Larderello area, boreholes encounter felsic dykes and granitoids, with cooling ages
ranging between between 3.8 and 2.25 Ma (96). Information on deeper structural levels
derives from seismic reflection lines acquired from geothermal research, the interpreta-
tion shows a clear distinction between a poorly reflective upper and highly reflective
mid-lower crust (40), a discontinuous reflector of high amplitude is present in the top
of the reflective crust, referred to as K-horizons (14), that regionally, is located at a
depth of about 8-10 km, interpreted as a crustal shear zone coinciding with the top of
brittle-ductile transition (120).
The Late Miocene to Quaternary evolution of the Northern Apennines, after the
Cenozoic subduction phases, was commonly framed in a tectonic context characterized
by extensional tectonics. According to this model, crustal thinning and formation of
Neogene basins are related to back-arc extension, which caused the rise of the Tyrrhe-
nian basin and of the magmatic products located in Tuscany. However, some struc-
tural studies pointed out that the continental (Late Tortonian) and marine (Messinian -
Pliocene) deposits of southern Tuscany are affected by diffuse compressive deformation
controlling both the development and the evolution of some hinterland basins.
In the first scenario the extensive regime (113), from early - middle Miocene affected
the multilayered tectonic pile forming the inner Northern Apennines, with the Ligurian
units at the top. The extension produced a significant tectonic elisions within the
tectonic pile (30, 34, 35) recognized in two main extensional events. The first events
caused the thinning of the Ligurian Units and the lateral segmentation of the deeper
sedimentary and metamorphic units (45). The Ligurian units overlies the late Triassic
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evaporites and Paleozoic Phyllites, in these thinned areas, with upward cancave shape,
syntectonic continental to marine middle to late Miocene sediments were unconformably
deposited over. The second extensional event produced mainly normal high-angle and
trastensional faults which cross-cut the previous structures (30, 34, 35), crating tectonic
low, where the marine and continental sediments during Pliocene and Pleistocene were
deposited. The extensional scenario synthesis can be inferred from the Fig. 5.5 where
Figure 5.5: Geological section across the Larderello - Travale geothermal area, from (30)
the extensional tectonic produces the thinning of the continental crust and lithosphere
around a thickness of 20-22 and 30-50 km respectively, a positive regional Buoguer
anomaly, a widespread magmantism (75), and high heat flow (71).
On the other hand, in the interpretation of the CROP 3 seismic profile and with
the surrounding deep reflection lines through the Northern Apennines and the northern
Tyrrhenian sea, Finetti and other authors (88) conclude the compressional tectonics
affected the Adria lithosphere from the Cretaceous to the Pliocene. They identify 11
main deep thrust sheets, three of them related to mid-Miocene to Pliocene age. Bonini
and Sani, (27), as shown in the Fig. 5.6, do not exclude the presence of Messinian -
Quaternary normal faults in the southern Tuscany, but they explain the occurrence as
the accommodations of the thrust anticlines or as the eastward advance and westward
Figure 5.6: Geological-structural cross-section of the Sassa-Guardistallo Basin, from (57)
retreat of the northern Apennines thrust front. The basins of the southern Tuscany are
the consequence of the thrust top basin. In this compressional framework the structural
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building where the Ligurian Units overlies directly on the Triassic evaporites is caused
by the action of thrust out of sequence that acted in Neogene-Pleistocene age (27, 88).
The question about the Neogenic tectonic typology is still highly debated and it
does not represent the focus of our study. However, the overall result of the tectonic
evolution in Tuscany is the segmentation and overlapping of the tectonic units and
their partial burial under Neogene sediments.
5.2 Building model
The study area is in the west central Tuscany, in Larderello geothermal area close to
M. Gabbro, between Pomarance and Larderello village. The green square, of about
8x7x6 km, represents the boundary of the model. The site has been widely drilled in
the past for geothermal purposes, allowing us to get thermal and litho-stratigraphic
information (from the database). The map shows the different isothermal line (100,
150 and 200◦C) at 1000 m dept, Fig. 5.7.
Figure 5.7: Base map of the modelled area
The first step to get the 3D geological model was a selection of the stratigraphic
information from Italian National Geothermal Database. Then we did a careful reading
data, pointing an attention to the basement related rocks (macaschists, gneiss complex,
phyllites and Burano formation). The classification of the lithologies in well logs were
inhomogeneous, so we proposed a new stratigraphic classification to simplify the data
and to allow the software to have a better data management according to geological
setting:
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• Neogene sediments
• Ligurian cover sediments (Calpionelle limestone formation and Palombini clay
formation)
• Serpentinites rocks (Ophiolitic rocks)
• Ligurian SL (marly - limy flysch)
• Tuscan nappe
• Upper Triassic Evaporitic
• Basement rocks (before triassic rocks)
As you can see in Fig. 5.8, we use onlap or erode attribute to define the sedimentary
or tectonic surfaces among the series set. These aspects contribute to a definition of a
conceptual model. Next steps involve the software directly: first we convert and import
Figure 5.8: Stratigraphic pile created
the selected restated borehole, and then we realize a multiple cross-sections intersecting
most geothermal wells, Fig. 5.9. It was important, for every geologic series, to define
the interfaces points and polarity. At the end, the software calculates the geological
model. Very often, the first resulting geological model does not well fit with borehole
geology or with the geological surface constrains. It might be necessary to adjust some
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(a) Base map with boreholes and cross-section traced
(b) Building model in a cross-section
Figure 5.9: Some steps in building model: (a) The base map with the boreholes and cross-
section location. (b) inserting the geologic constrains, interfaces data point and polarities
of the geological structures
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interfaces or orientations data or to add a cross-section in order to increase the accuracy
of the 3D model. The final result is a set of cross-sections and geology surface map.
The first elaboration was made without taking into account the faults system known
in this area, because the need was to build a first simple geologic model, without
any constrain about the tectonic regime, and just to give a rather defined idea of the
geometries and volumes of rocks complex. Then the most important faults outcropping
in assuming extensional behavior were introduced.
5.3 Limitation
Once framed the geological problem, set the project modeling, input the various con-
straints, analyzing the results is good convenient to point to the limiting aspects of the
modeling operations and the limits imposed by the used software. First of all calcu-
lated model is the result of a process produced by an algorithm, in this case software,
is based on some fixed rules and the provided data, even if the result returns the values
for the entity modeled even if the data is missing, that’s why we must assume the
system of calculating the value where it has not is the result of a prediction based on
the algorithm: few data can then result a model far from the truth.
5.4 Resulting model
This is an attempt to reconstruct the geometry of geological bodies in the underground,
inserting new data or improving constraints could favour the model’s accuracy. A model
as such is always modified and improved, the use of software such as 3D geomodeler
allows faster new models with the inclusion of new information. At the moment with
the available data the output shown below was obtained, the first set of results are the
result of developing a model without the introduction of faults. The section 2 and 3
are oriented SW - NE, these are orthogonal to Appennines chain structure, the section
12 has NW - SE direction so it is parallel to the structures and the last section 13 is
about N - S. The geological map (118) is shown, Fig. 5.19, with the geothermal wells
used to build the geological model, they are represented with red point, then the next
geological map is the geological surface map, built by the software on the base of the
underground data taken into account. Referring to the legend of Fig. 5.8 the geologic
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Figure 5.10: Section 3
Figure 5.11: Section 2
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Figure 5.12: Section 13
Figure 5.13: Section 12
122
5.4 Resulting model
modelled complex is evident, the yellow area are the neogenic sediments, the light blue
are ligurian covers, the green one are the serpentinites, the light green is the marly, lime
ligurian flysch, the pink color and the purple are respectively the triassic evaporites and
the basement rocks present only in the geological cross-sections as they don’t outcrop.
The next output is very interesting, there are three-dimensional views where you can
Figure 5.14: Geological map, from (118)
feel the changes in areas of the boundary amoung the formations in space, Fig. 5.16 and
Fig. 5.17. In the Fig. 5.18 the volumetric model obtained is represented. Although
the results of this attempt have a good accordance with known data, a second model
was developed by introducing some structural elements indicated in the geological map
as reference. In order to simplify the computing process, the faults in the geological
map were synthesized as shown in Fig. 5.19. In practice, the discontinuous and uneven
pattern of faults in this area was simplified into four faults. The previous sections
were reprocessed by the inclusion of new constraints relating to the scheme imposed
by these features. The following geological cross-sections, in Fig. 5.20, 5.21, 5.22,
5.23, show the results. Sections 1, 13, and 6 are oriented approximately SW - NE
direction perpendicular to the Apennines structures (NE divergent), while section 16
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Figure 5.15: Geological map resulting from 3D Geomodeller
Figure 5.16: Resulting surface in 3D Geomodeller view
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Figure 5.17: Resulting surface in 3D Geomodeller view, with the boreholes used
Figure 5.18: Resulting 3D Geomodeller geologic block diagram
125
5.4 Resulting model
Figure 5.19: Geological map, the red line are the inserted faults, from (118)
Figure 5.20: Section 1
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Figure 5.21: Section 16
Figure 5.22: Section 13
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Figure 5.23: Section 6
is oriented W - E. It ’was complicated, set the geometrical parameters of the faults the
software required, because this information is difficult to find and because the geological
interpretation that these terrains were given by various authors. While the geographic
orientation of the faults, in the country or in the map is often easier to get, obtaining
the values for the radius of influence, or the depth at which a fault acts, necessary to the
software, was more complex. 3D geomodeller, once introduced the faults necessary to
make parameters features, some values were set, so that during the reiterative process
modeling have been changed. The results obtained, even if as mentioned above, it is
only a first attempt that it can certainly be improved, are presented in these profiles.
As can be seen from the obtained geological profiles, there were a lot of problems at the
fault plane, where the calculation of the software often fails to maintain the thickness
of geological strata between the roof and wall of the fault. These effects are due to the
complex structural nature of the studied area and the consequent lack of required data,
in some cases, to enforce the geometries.
Finally three-dimensional views are shown of the modeled area, as in Fig. 5.24
where the geometry of the set included four faults with wells used, so in Fig. 5.25
surfaces of the base of geological bodies and finally in Fig. 5.26 geological sections
obtained as a fence diagram.
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Figure 5.24: 3D view of the topological surface, the wells and the faults
Figure 5.25: Resulting 3D Geomodeller bottom surface of the geological layers with
boreholes and faults surfaces
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Figure 5.26: Resulting 3D Geomodeller fence diagram, some geological cross-section with
the faults surfaces
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geological structures
5.5 Comparison between the experimental results and the
natural geological structures
Here we present the results of our model in the Pomarance area. The resulting model
shows the structural relationship among the geologic complex modelled, define the
dome-basin structure of the studied area, in particular it is evident the irregularity of
the “boudined” late triassic level, the thickness of the Neogenic basins, the presence
of the structural highs where the crystalline basement is directly in contact with the
Ligurian Units, the complete elision of the Mesozoic multilayer complex (Tuscan nappe)
and at least the presence of the the tectonic overlap involving the late Triassic levels
with lower basement slices, (30, 34, 35, 69, 80). It is important also to underling how in
building a geologic model, as in this case starting from the well data and modelling with
the geological constrains the various cross-section, gives back a surface map that fits
very well with the geology map in account, demonstrating the accuracy the processing
method used by the software to test reliability in a geological context as complex as
the northern internal Apennines.
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6Discussion
The work presented in this thesis is focused on the implementation of some informatic
methods, using geological and/or geophysical data, returning a model that can promote
the understanding and evaluation of a geological system. The work was conducted
using two methodological systems, the first provided for the processing of data with
geostatistical techniques, the second used specific software for the modeling of a rock
volume. Both methods provided a series of preliminary assumptions activities for the
implementation of models. Acquisition and review of the literature data, the analysis of
data collected and the preparation of them in the format appropriate to the processing,
were essential steps in the process for drafting the final models. The attempt made
to build the top surface of the Variscan or older basement in a wide area such as the
Italian peninsula and the Adriatic Sea articulated a path of not simple geological and
methodological issues. The data and geological knowledge should be integrated with
seismic data of the CROP Project, the only data set available and spatially distributed
for Italy that can be used. The geological obtained data were initially difficult to be
integrated with the geophysical data. The surface data, summarized and reported on
a geological map were correlated with the subsurface geological information from deep
surveys. These data were then compared with the geophysical information, in our case
the interpreted seismic profiles in two way time of CROP Project. In addition to the
purely qualitative to be considered for the development of geological models, usefull
numerical data are needed, so the matches found in qualitative and conceptuals terms
had to be verified numerically. Depending on the integration used process different
results are produced in the final model. In the reconstruction of the top geologic surface
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of the Variscan basement, the focus was on how to get a procedure that could guarantee
a fast replication, using a geological model for the used data to guide the geostatistical
processing. Of course the processing statistic are more relevant to reality because the
available data are frequent, the procedure for this development will be more effective
and faster in the future if new and significant data become available so that they may
provide a refinement of the model. In particular, the starting data from seismic profiles
CROP land/sea were entirely derived. The three main Apennine transects (CROP03
- CROP11 - CROP04) starting from the Tyrrhenian Sea (m12a - M37 - m6b) to the
Adriatic Sea (m16 - m15) were acquired, and the longitudinal profiles (approximately
NS) of this area (m18 - m17a - m17b - m17c - m13 - m14) were added. Evidence of
surface geology, such as the Variscan basement outcrop in northern Tuscany (Apuan
Alps, Monti Pisani), the presence of basement lithologies in samples from deep surveys
such as Pontremoli 1 (3.520m) (in Northern Tuscany as well), Massa 2 (on average
at depths 2.500/3.000 m) in the Tuscan geothermal province, Perugia 2 (see sample in
chapter 4 at 1.500 m) in central Italy, we suggest a lowering of the surface to be modeled;
more towards east and south east, this area still seems to deepen. The TWT map and
the velocity maps are combined with each other using the equation. In this area there
are no direct data, but the survey Gargano 1 dir seems to reach pre-Permian lithologies,
and the deep survey Assunta 1 is documented the achievement of a Silurian granite
in age. This geological framework, thanks to the support of the scientific literature
on this subject, led to identify five geological domains characterized by a sufficiently
homogeneous data that allow us to have though locally their consistent processing of
those. In ’peninsular’ domains the amount and data distribution allowed us to use a
deterministic interpolation method, the RST, while the best data completeness of the
foreland allowed us to use a more complex interpolation, the universal kriging. The
TWT map and the velocity maps are combined with each other using the equation.
The first map produced, that is already a first output unpublished, is the map of
the Variscan basement in two way time (TWT) obtained from the data used. In the
developed procedure in order to obtain the depth map, it was decided to draw a map
of seismic velocity, as Vp (m/s), which together with the map of TWT, and thanks
to mapalgebra, made possible by the software GRASS GIS, enabled us to achieve the
result. The technique of analysis made possible by mapalgebra in a GIS environment,
required the implementation of velocity maps, when the value of Vp throughout the
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whole domain area were spatially distributed. The creation of this map was made
possible thanks to the average computation, in each geological domain, of the values
calculated on the vertical reference, with the only exception for the Avampaese domain
where was used also the Voronoi polygons. For each vertical reference, ie the well
projection on CROP profiles, either the speed based only on seismic data is calculated,
or from the data well (up to where allowed) and from seismic data together. Among
the assumptions made what appears to better approximate the depth of the top of the
Variscan layer was V ipo7 which considers both the well and seismic data to obtain
a weighted velocity value. The map was then integrated with the geological surface
map prepared, see 3.4, which indicates areas of outcrop of Variscan basement rocks,
their “belonging” to the domain palaeo-geographic and the contour of the depth of
the Variscan basement. This further unpublished map provides the best framework
for the surface shape of the Variscan basement in the studied area. It is important to
emphasize that the produced map has limitations as to accuracy that changes from area
to area. The degree of confidence of the final map is linked closely and logically, both the
goodness of the data, both in its spatial distribution. It should not be overlooked that
the seismic data are interpreted and the data acquisition, with the procedure described
in 4.3, is subject to measurement errors, estimated in the order of ±250 m, and that
the velocity map is averaged in the various domains. The seismic data location of
the project CROP acquired, has a spatial inhomogeneity, the data are presented along
alignments (profiles), oriented mainly west to east. In North to South direction, insetad,
there is a severe lack of data that definitely has a negative effect in terms of accuracy
of the model in areas far from transects CROP. This attempt to build the roof of the
basement can still be a starting point. The retrieval of other data, new or currently
not available, related to geological or geophysics type, could be placed quickly in the
developed procedure. New information of geological/geophysical also allow a refinement
of the structural model adopted, supporting a more accurate result. Basically the use
of heterogeneous data, through the use of geostatistical methods, produced a summary
map, which gave the limitations of the dataset, errors of measurement and calculation
has a certain relevance, as similar semi-automatically maps for Italy were not present
today. 3D modeling, in this work applied to the Larderello area, has provided interesting
representations of geological systems. In the 3D model of the area of Larderello, even
for this approach, a fundamental step is related to the integration of surface geological
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data and underground data. The stratigraphy of wells used with the bodies represented
in the geological surface map were homogenized and correlated. The imposition of
geological constraints and the data obtained from map data, as the position of the
levels or the tectonic structures, led the reiterative process of modeling. The completed
volumetric model, as well as providing a series of horizontal and/or vertical geological
cross-sections quickly chosen by the user, returns the three-dimensional views of the
studied structures that can be useful to understand the mechanisms that produced
these geological structure, may also return the ’extension of the modeled geometries,
thus providing the numerical results that allow the assessment of volume of rocks that
came into play. In the model of Larderello the structural relationships between rocks
complex considered are clear, e.i. the nature of post-orogenic geometries, the trend of
the Burano formation, as known in the literature, that play an important role in the
structural framework and in the evolution of the Apennine Mountains. With regard to
the deeper context we observe that the structural evolution of the chain has brought in
contact the Paleozoic rocks with flyschs Ligurian, implying tectonic processes related
to the partial or total elision of the Tuscan Series or the presence of out of sequence
thrust. In the studied context the basement is considered overlapped and involved
in the Apennines orogen with the particular tectonic style of covering the inner and
metamorphic areas.
The work allowed us to address some methodological aspects related to the integra-
tion of data, to solve some problems associated with them, and get results representing
a first step towards to optimize, in the future, the models that describe the geological
structures. The works thus obtained, enabled:
• to deepen the knowledge related to processes of geostatistical interpolation of the
data
• enhance the experience on various aspects necessary to 3D geological modeling
• to deepen the understanding of the master data log from geothermal and oil field
drilling
• to improve the ability to use software such as GRASS GIS, R-project, QGIS, 3D
Geomodeller
135
• to be able to critically assess the confidence of results and the possible improve-
ments of the geological models proposed
• to deepen issues related to tectonic and styles deformation of the Apennine Chain
• identify, by the development of different types of maps, the possible structural
highs of the basement and then the thickness of the Mesozoic-Tertiary cover
• to prepare a synthetic geological map for the Italian area
• to prepare the map of the depth of the top of the Variscan basement
• to prepare a 3D geological model for the area of Larderello
The data obtained during this work and the produced maps, taking into account the
limiting described, offer to re-use and support for the study and the identification of
natural reservoirs deep. the TWT map and the velocity maps are combined with each
other using the equation The map of the top of the crystalline basement, though im-
proved in terms of accuracy, already offers information about the extent of the thickness
of the covers on their structural setting and therefore useful to limit areas where a more
thorough exploration may suggest the presence of significant oil and gas traps. While
the oil and gas industry already makes use, however, advanced data and models, the
study of geothermal reservoirs or storage sites for greenhouse gases still needs to solve
geological problems. In the field of geothermal the study of the crystalline basement,
its structural setting plays an important role for those that are deemed exploitable
geothermal systems in the future, as EGS (Enhanced Geothermal Systems) and UGR
(Unconventional Geothermal Resources). The reconstruction of underground geological
framework is a very important aspect to be consider for the storage of CO2, follow-
ing the guidelines of the Kyoto Protocol. The sequestration of CO2 is currently much
debated and studied in the scientific community, the types of storage vary from those
of geological kind, confinement in geological traps, or mineralogy kind, which occurs
through specific chemical reactions, where a qualitative knowledge of the subsurface is
not enough but quantitative assessment is required and then numerically, that is what
the studied methodology is intended to support.
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